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DESIGN AND APPLICATIONS OF HOT-WIRE ANEMOMETERS
FOR STEADY-STATE MEASUREMENTS AT:TRANSONIC
AND SUPERSONIC ATRSPEEDS

By Herman H. Lowell

STVMARY

An investligation was made of the deslign requirements and heat-
transfer characteristics of expoged-wire Imstruments to be used for
gteady~state measurements at transonic and supersonic speeds. Design
criterions, constructlionrsdetails, and typlcal response behavior are
presented.

Several types of instrument were evolved that, in addition o
exhibiting the required high stabllity, are capable of providing
steady-state mass-flow, flow-angle, and temperature information of
englneering acouracy at total temperatures at least as high as
275° C, Mach numbers at least as great as 2.4, and air total densi-
ties at least as great as twlce atmospheric. Heat-transfer data for
a circular cylinder over at least the Mach number range from O to
2.4 may be correlated by eddition to the conventional relation among
Nusselt, Prandtl, and Reynolds mumbers of a factor that 1s a function
of Mech mumber only. Finally, it is shown that the combination of
an air-temperature datum (obtained with a wire), a wire heat-loss
datum, and a pressure datum limited to pressures not exceeding statlc
by more than about 20 percent of the velocity head uniquely specifies
a steady-state flow.

INTRODUCTION

In connection with the investigation of the behavior of exist-
ing compressors and turbines (turbamachines) or of proposed improved
components, it is often necessary to obtain a detalled ploture of
the air flow occurring throughout interblade chamnels, between
stator and rotor cascades, within blade or shroud boundary layers,
immediately behind trailing edges of the blades, or within engine
ducts.
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Demands upon flow instrumentation are severe; even when a device
of the pressure-tube or thermocouple type provides accurate data
concerning one variable, it is incapable of providing all the
required informabtion concerning local flow characteristilcs.

In principle, the fine wire used as a resistance thermometer
or hot-wire anemameter is superior in several respects to elther
the pressure tube or the thermocouple. A wire or wire array may
have very smell dimensions and the response time is measured, at
most, in milliseconds; moreover, wires are equally useful (at low
airspeeds) for temperature, angle, and mass-flow determinations.

It appeared probable that wire data (at high airspeeds), if supple-
mented by pressure information (which could, when necessary and when
space limitations did not prohibit, be provided by an integral pres-
sure tube), could be made to yield Mach number information as well
as other information desplte the unavailability of any additiopal
data concerning a compressible-flow situation.

Previous efforts in the field (prior to about 1940) were
largely confined to the speed region below 104 centimeters per
second. Some success was achieved with the idea of using wires to
measure both flow rates and angles (references 1 and 2). More
recently, linvestigators, having trangferred thelr efforts fram -
platinum to tungsten wires, have cbtained a few mass-flow data at
transonic speeds (reference 3) and & very few in the supersonic
region; the supersonic data were obtained by Dr. Galen B. Schubauer
of the National Buresu of Standards (unmpublished results). None of
the data, however, have exhibited the required susceptibility to
correlation., No investigation seems to have been made of the pos-
sibility of using exposed wires as resistance thermometers at high
Mach numbers, nor has information been published concerning the use
of wires at temperatures substantially above room values,

The problem in the case of the gas turbine is to design an
instrument of high stability. It is necessary that the wire have
high strength, be free of any tendency toward internal structural
alteration, be inert to an oxidizing atmosphere, and be electrically
stable. The entire device 1s required to exhibit freedom from
aerodynamically induced vibratlions.

An investigation has therefore been made at the NACA Lewls
leboratory of the design requirements and heat-transfer character-
istics of wire instruments to be used at transonic and supersonic
speeds. This ingquiry was limited to the development of devlces
that would be usefnl under substantially steady-flow conditions
and at moderate (below 275° C) ambient total temperatures. The .




682T

NACA TN 2117 3

heat~transfer correlations are nevertheless applicable to unsteady-
state conditions, and the basic designs and design procedures evolved
are applicable to anemometry at high temperatures and at mess-flow
rates higher than those at which data were obtained. :

The report consists of two main groups of subjects. The first
group comprises matters of a general nature; 1t is intended chiefly
for possible users of hot-wire instruments who have had no exper-
lence with such devices. Dimensionless heat-transfer representation
(as applying to anemometry), wire (resistance) thermometry, and pos-
sible array configurations and uses are discussed. In addition, =
section on instrument-design problems based principally upon work
performed at the NACA Lewls laboratory is presented. This section,
as well as the sections of the second group, contains material not
previously published.

The subJects of the second gromp are, for the most part,
restricted to specific work performed at this laboratory. They
include realized instrument designs and construction, descriptions
of apparatus employed and of investigation procednres, a dbrief dis-
cussion of the caloulations made and corrections employed in the
evaluation of data, and & discussion of the experimental results
obtalned.

The heat-transfer characteristics of several instruments are
glven at massg-flow rates up to abont 24 grams per square centimeter
per second (1.5 slugs/(sq ft)(sec)), air total temperatures of approx-
imately 36° G, wilre temperatures up to about 300° C, and Mach mumbers
up to about 2.4 at alr total densities et least as great as twlce
atmospheric., The flow limits and the air temperature were estab-
lished by the characteristics of the test tunnel rather than by the
behavior of the Instruments. )

Application of the generalized heat-loss correlation obtained
to flow situations such that the Mach number distribution is unknown
is discussed. In perticular, it is shown that the combination of a
pressure datum (within certain limits) end wire data uniquely spec-
1fies the (steady-state) local flow characteristics.

BASIC CONSIDERATIONS

Basglc Instrument

The known hest-transfer relations relevant to anemometry are
discussed in the following sectioms.
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Nature of device. - A heated obJect placed in a moving stream
of fluid loses heat at a rate dependent upon several variables:
ldentity, pressure, and temperature of the fluld; nature, orienta-
tion, and temperature of the object; and mass-flow rate of the
fluid. It is clear that by properly fixing all other variables
at predetermined or ascertalnable values, the mass-flow rate will
become the sole factor determining the heat-loss rate.

1289

Accordingly, the investigator who determines the rate of heat
loss from the experimental obJect under properly chosen conditions
need merely refer to the predetermined relation between heat-loss
rate and magss-flow rate to determine the mass-flow rate. TUnder such
clrocumstances the obJegt becomes an anemometer. . g

The conventional anemometer measures wind speed {and often
direction as well) rather than ma.as-flow rate. By simple extension,
however, the designation "anemometer” may be reteined for high-speed
measurements because under compressible-flow conditlions the product
of density and speed generally takes the place of speed.

Electrlcally heated fine wires have been used as heat-loss
(hence, hot-wire) anemometers for meny years. The list of refer-
ences given herein includes cnly a fractlion of the more then 100 -
reports now avallable on hot-wire anemometry.

One of the important varisbles in connection with heat-loss
anemometry ls, as previously stated, the temperature of the object.
The veriation of wire resistance with temperature provides such
information. Although in precision resistance thermometry complex
relations between resistance and temperature must be employed, it is
usually found that, for anemometric purposes, the simple law

= 2% _ 0 | (1)

Wy  axg

ls adequate.
(A1l symbols msed in this report are defined in appendix A.)
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Nondimensional correlation of heat losses from wires. - The
classic investigation of heat losses from wires was made by King
(reference 4) in 1913-14. He evolved the following wholly theoret-
ical relation:

0.23891%r = (i, + Newop OVD) (0,,-0,) (2)

Two important conceptions are embodied in equation (2). The
heat~loss rate is dependent upon the square root of mass-flow rate
and upon the simple difference of temperature between wire and air
(Newton's law of cooling as applied to.this situation). In this
cagse, 06 equals the static ambient temperature because King assumed
the existence of incompressible flow.

When King attempted to confirm his theoretical result exper-~
imentally, he was able to confirm the basic structure of the rela-
tion but found it necessary to Introduce a number of correction
factors principally dependent upon wire temperature.

King's law (equation (2)) when written in the form
12r = (Cy + CyAoV)(0,-6,) (3)

is nevertheless adequate over limited ranges of temperature and pres-
sure provided Cy; and Cp are experimentally determined. Many
users of hot-wire anemometers have therefore employed equation (3)

a8 the basic relation of such instrumentation. '

The inherent lack of generality of the relatlion and, in partic-
uler, its lack of preclision when the constants C; and Cp are
evaluated under one set of conditions (air pressure and temperature
and wire temperature) and the wire is used under another set have
led to attempts to write a relation that would be valid under widely
verying clroumstances.

Nusselt (modern discussion in Jakob, reference 5) has previocusly
shown (1909-15) that the most general correlation of heat~transfer
date Tor flow of an incompressible finld is

Nu = U(Gr, Pr, Re, temperature functien) (4)

S mv e m e cie e e ke — s v e e e e e e e —
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in vhich U represents some function (of the variables within
parentheses) and the tempersture function is the ratio of the
gbsolute temperature of the object (surface) to that of the undis-
turbed stream.

In equation (4), the several dimensionless groups, with the
exception of the temperature functlon, are understood to be eval-
uated at the free-stream static temperature, pressure, and speed.
The presence of the temperature function theoretically ensures
correlation despite the variation of gas properties (u, Cp and
k) with temperature.

In 1934, Dryden (reference 6) indicated (without providing the
derivation of the result) that an additionsl paremeter kAS/uve is
demanded, in gerneral, by dimensional considerations in the case of
compressible flow (A8 1is the difference of temperature between
streem and object). A result equivalent to his is obtained in
reference 7, where it is shown that the group Vz/cﬁr is of signif-
icance; T 1is the absolute air temperature in this instance. In
every generalized heat-transfer correlation, a function of Prendtl
mumber necessarily appears. Because Dryden's perameter 1is merely
the reclprocal of the product

) (@)

in which the second factor is the Prandtl mumber, it is-evident fhat
the Dryden parameter and VZ/CIE provide essentially the same infor-
mation if the temperature function is understood to be present when

required.

From the fact that

it follows that

2 _ w1 _ (5)
cﬁr J?ﬁgf’ Md;ji °

2

1289
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When the virtually constant Ny-1 factor is ignored, it is patent
that the stream Mach number must be added to the paremeters orig-
inally given by Nusselt.

In general, therefore, the Nusselt number is an unspecified
function of Grashof, Prandtl, Reynolds, and Mach numbers and of
the temperature function. It has been tacitly assumed that geomet-
rically similar bodies similarly oriented with respect to the stream
are being considered. Additional terms or factors are required when
those two conditions are not fulfilled; the point is subsequently
disoussed in connection with oblique flow incidence with respect to
a cylinder.

The relative simplicity of the circular cylinder with a reason-
ably large length-to~diameter ratio and normally exposed to a stream
bhas led a number of Investigators to obtain heat-transfer data
involving such objects and to attempt to correlate their own data
and those of others by using two or more of the dimensionless groups
already mentioned. .

The specific results of such work are discussed in the section
Correlation equations. It is sufficient here to mention the follow-
ing points:

(1) As indicated in connection with fairly comprehensive dis-
cussions by McAdams (reference 8) and Jakob (reference 5) of the
mechanism and the peculiarities of heat transfer from such cylinders,
such studies have not completely clerified the significance of the
Tusselt number itself. The most fruitful concept, particularly at
Reynolds numbers below about 1000, is that of the enveloping boundary
layer, the mean thlckness of which decreases with lncreasing mass-~
flow rate. The Nusselt nmumber is therefore a measure of the diminu-
tion of relative thickness and hence of the thermal resistance of
the mean layer.

(2) Little information has been published concerning the
influence of Mach number on the Nusselt number.

(3) No purely forced-convective process can exist; free con-
vection must always accompany forced convection., Accordingly, the
Grashof number, which 1s a measure of the Intensity of the free
convection, must, in theory, affect even high-speed heat-transfer
correlations. Beyond some minimal mass-flow rate, however, the
influence of Grashof number changes becomes negligible and correla-
tions can be devised in which the Grashof number is replaced by a
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suitable constant. In general, it is impossible to predict the
minimal mags-flow rate above which such a procedure is permissible.
Jakob (reference 5, pp. 492-493) presents a discussion demonstrating
that the square root of the Grashof mumber can be considered a
special case of the Reynolds mumber; the observation could be used
to formmlate a rule providing the order of magnitude of the minimal
mags-Flow rate in a given case. In the present work, Grashof num-
ber changes are of negligible importance and are therefore ignored.

(4) A single parameter, the diameter, is sufficient to char-
acterize the geometric properties of a long, smooth, round cylinder
normally exposed to a stream. Under such conditlons, the Russelt
number has been given by some correlation of the followlng kind:

HDy _ 0.23891%r ( ) 0.3
Tu = = 22 = yal .
u= 5 == (6.-62) Cy + C2 ReP) Pr (6)

One investigator (reference 5, pp. 559-561) introduced, in addition,
a temperature function by which the right expression 1s mltiplied.,

(5) The temperature at which the several gas propertles are
eveluated is arbitrary unless experiment clearly restricts the choice.
The usual practice is to evaluate u, k, end Pr at some mean
£11m temperature. The £ilm temperature adopted herein is the arith-
metic mean of the wire temperature.and the temperature that the wire
would attain if unheated. Such a cholce is entirely arbitrary unless
it is shown that the "best" correlations result fram its employment.

Exposure at obligue incidence. - In the foregoing discussion,
the agsumption was made that the wire is normally oriented to the
flow vector. Many applications require orientation at oblique inci-
dence. The question therefore arises as to the effect of such oblique
incidence on the Husselt aumber.

Numerous investigators (references 1, 3, 4, and 9 to 13, in
particular) have attempted to arrive at a generalized, guantitative
descripbtion of the variation of heat-transfer rate with angle sub-~
tended by wire and stream. Such studies bave been made et Mach
numbers below about 0.4; the results therefore apply only in the
case of essentially incompressible flow.

Agreement exists among the investigators for wire-flow vector
angles between 90° and sbout 25°. Within that range, the Nusselt
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numbers observed are virtually the same as those that would be
observed were the actual flow vectors replaced by the components
normal to the wire. A%t angles smaller than about 25°, the heat

loss 1s greater than that predicted by this rule; the discrepancy

and the disagreement among observers increases as the angle decreases.
Fipally, at the condition of parallelism of wire and flow, the Nus-
gselt number is in the vicinity of 50 to 60 petrcent of the normal-
incidence valune.

When wire behavior only at wire-flow vector angles greater
than 25° is considered, it is evident that in all such relations
as equations (2), (3), (4), and (6) the airspeed V should be
replaced by V' = V cos ®, in which ® is the angle between the
flow vector and the normsl to the wire in the wire-vector plane.
The quentity V cos ¢ 1s, of course, the effective airspeed. The
validity of thils substitution at Mach numbers greater than 0.4 is
assumed in all discussions herein except where otherwlise stated; the
goundness of thls assumption is unknown.

Behavior of exposed unheated wire. - The temperature assumed by
an unheated circular cylinder of high thermal conductivity exposed
to a fluld flow is always greater than the static temperature but
less than the total. The actual temperature attained under the
gtated conditions 1s usually deslgnated the effective temperature
and 1s so deslgnated herein,

TInvestigations (references 14 and 15) have been made of the
variation of the ratio of effective temperature to total or static
temperature with Mach and Reynolds numbers. The ratio has been found
t0 be principally & function of Mach number; Reynolds number changes
have an almost negligible effect. DNumerical values are discussed in
the section Temperature Recovery Ratio.

It is sufficient to note that, if Mach number is known or
calculable, static and total temperatures may be obtained by using
the wire as a resistance thermometer in view of the possibility of
experimental establishment of the relation between static and
indicated (that 1s, effective) temperature for a given instrument.

Variation of the effective temperature with @ occurs (refer-
ence 14), but such varietion is not treated in detail in the present
report. An additionel discussion of the matter is presented in the
section Temperature Recovery Ratlo.

et e e m e e
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Radiation losses. - No mention has been made of radiation
effects. In general, heat-transfer rates associeted with the expo-
sure of heated fine wires to alr streams having speeds greater than
about 1500 centimeters per second are far higher than any possibly
resu.l'ting from radiative transfer. At very high temperature levels
(6, > 800° C), smell radistion corrections are sometimes required,
such corrections are assumed negligible herein.

Pogsible Array Configuratlions and Uses

The term "array"” as used herein means one wire or a group of
two or more wires arranged in a definite spatial pattern and rigidly '
held by a sultable series of supports.

The followlng discussion of erray types and uses is limlted to
gteady-state measurements. A feirly comprehensive discussion of the
same subJect in the case of turbulence measurements is given in
reference 16.

Uses and procedures ldentical for all srrays. - The three prin-
cipal uses of arrays are the determination of temperature and the
measurement of mass-flow rate and of flow direction. Measurements .
of temperature and of maess-flow rate are made daccording to essen-
t1ally fixed procedures regardless of the array type.

In all cases, the quantities Ry and « characteristic of

each array wire or desired combination are predetermined. The
varisble Tg/T, 1is then determined as & function of M by aero-
dynsmic calibration. The orientation of the stream with respect to
the array should be that which is to be considered in all subsequent
use of the array the principal or mean orientation (generally, normal
to a single wire or coincident with an axis of symmetry of a multiple-

wire array).

A stream-temperature détermination requires a knowledge of M.
The temperature of one or more unheated wires of the arraey is deter-
mined. The stream static and total temperatures are then calculated
using the appropriate experimemtal valume of Tg/Te. The array orien-
tation must be about the same as that which existed during the cal-
Ibration.

The following consideration of mass-flow-rate measurement assumes
the use of an idealized array consisting of inelastic wires of zero
thermal conductivity exposed to the flow of an incompressible fluid.
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The necessery modifications of the current simpiified treatment are
presented In several subsequent sections of the report.

The required initial heat-loss calibration .of the array is
accomplished by exposure at the principal orientation to a succession
of known flows characterized by a wide range of mass-flow rates. In
this investigation, constant-temperature operation: of the array is
usually assumed. A factor of the power input (that is, current) is
varied either manually or automatically so as to bring the array to
the desired temperature.

The experimental data are used to determine the constants Cy
and Cp of equation (6), which 1s restated here in a more explicit
form: : .

0.5
=0y + O | — '
. Fe

Tup 0.2389i%R

=

0.5

= Cl + Cz REf

(7)

No factor cogl+S @ has here been assoclated with g3, T
fact, if calibration and subsequent date are obtained at the same
relative orientation of wire and flow, such a filxed factor can
properly be considered to be implicit in Cp. If the orlemtation
changes, however, 1t 1s necessary to retaln the explicit factor
cog @ within the parentheses. When en array of two or more wires
is considered, the angle will no longer be @, bub rather will be
the angle between the flow vector and the principal direction of
the array. '

The factor I, is explicitly retained in equation (7) in order
t0 claxrify the followlng poinmt: The calculated values of C; and Cp
will be inversely proportional to the value of L, wused in comnection
with a particular wire. The observation 1s Just.as true, however, of
the value of Nup. The use of an erroneous I, 1in the case of an
idesl wire wlll therefore lead to no error in the value of G.

The next requirement in the determination of the mess-flow rate
of an unknown flow 1s the measurement of gas temperature. Because
incompressible flow has been assumed, 6, equals the statlc tempera-
ture. As before, the power input required to bring the array to a
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convenient fixed temperature 6, 18 then determined. Ideally, the

wire temperabture need not be the same as that used during calibra-
tion.

A1l quentities appearing in equation (7) are now known with the
exception of G, which 1s therefore easily calculable. (The gas

Oyt8e

properties are supposed evalnated at 65 = 5+

Discussions of flow-dlrectlion measurement are subsequently
presented in commectlion with discussions of the respective array

types.

Single-wire array. - The single-wire mount consists, of course,
of a single wire, two wire supports, and a suitable mounting for the
supports. Such a device hasg the merits of extreme simpliclty, ease
of oconstruction, and presentation of a minimal drag cross section
to the stream. The wire is usually either parallel or perpendicular
to the axls of the mounting tube. The array supports are attached
to that tube. If the mount axis is considered vertical in the
obgerver's reference freme, reference to a wire parallel to the
exis as a vertical wire is convenient; the wire perpendicular to
the axis is referred to as a "horizontal wire.” Similarly, a hor-

izontal plane is defined as one normal to the mount axis, whereas
a vertical plane is one parallel to 1it. ST

The power input required to malintain a fixed temperature varies
approximately as cos @, as has been stated; consequently, the varia-
tion of input at small angles (normal incidence) will be nearly
negligible. For example, & change of ® from 0° to 3.6° causes
only a O.l-percent decrease in required input. The single wire at
or near normel incidence 1s therefore very insensitive to flow-
direction changes, as is desirable for mass-flow determinations.

Tn the case of & horizontal wire, changes of flow direction within
a vertical plane normal to the wire will cause no heat-loas rate
change; the same observation applies to the vertical wire and direc-
tlon changes in the horizontal plane.

A single vertical wire is therefore useless as far as direc-
tion determinations are concerned. It can, of course; be used to
determine temperatures and mags~flow rates in free streams, within
boundary layers adjacent to surfaces nearly parsllel to the wire,
and within wakes behind blaedes, the trailing edges of which are
roughly parallel to the wire or lie in a vertical plane containing
the mount axis.

]
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A horizontal wire may, however, be rotated abont the mount axis.
In consequence, it can be used to determine the vertical plane in
which the flow vector lies. The approximate flow angle is assumed
known. . The wire is rotated until it and the vertical plene in ques-
tion subtend an angle of from 40° to 60°. A measurement of power
input is made as previously described and the mount then rotated
until, at a point roughly 90° from the first position, the same
input 1s required to bring the wire to the fixed operating tempera-
ture. The vertical plane of the flow then biseots the horizontal
angle subtended by the two wire positions.

. The horizontal wire can be used to advantage In a free stream
or within a boundary layer adjacent to a surface roughly perpendlc-
ular to the mount axis. The method of measuring flow-plane angle
described in the preceding paragraph cannot be employed, however,
unless the surface is precisely perpendioulaer to the mount axis.

V-array. - A V-combination consiste of two wires (of as nearly
equal dimensions as practicable) generally intersecting at an angle
of between 30° and 90°.

The plane of the array is usually either horizontal (fig. 1)
or vertical. The preferred construction is that which places the
center of gravity of the array on the mount axis. In most cases,
the bisector of the angle subtended by the wires is normal to the
axls.

Such arrays, as well as a pyramidal array, were first suggested
and used in reference 1. Wind speed and directlion were measured in
connection with a meteorologicel investigation.

A V-array may be used as a single wire by placing the two wires
in series; the pair comprise one arm of a bridge. So connected, the
array is well adapted to the meking of mess-flow measurements. Alter-
netely, the two wires comprise two adjacent arms of a bridge, which
ig the preferred comnection in the ‘case of yew-angle determinations
when a horizontal array is used. A verticel array is useful for.
elther mass-flow rate or yaw-angle determinations when comnected in
geries. The vertical array is not ordinarily connected otherwlse;
the point is subsequently discussed, as are the various methods of
use end the limitations of both array types.

When commected in series as for mass-flow determination, V-array

behevior, as far as the flow component in the array plane is con-
cerned, 1s nearly the same as that of a single wire rumning through

A e e r— = - e -
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the center of gravity of the array parallel to the base of the array

triangle. The sensitivity to yaw (undesired in mass-flow measure-
ments) of & horizontel array (or to pitch of a vertical) connected
in serles may be shown to lncrease approximately as cot? 8/2. The
sensitivity in question remains smell, however, unless 5/2 < & 30°,
A mass-flow determination will therefore not be inaccurate because
of relative inclination of the flow vector and the array bisector
if the vector lies in the array plane until such inclination is
greater than several degrees. :

The consideration of possible error caused by the presence of
an out-of-plane component of flow is necessary in a determination
of mass-flow rate. A simple analysis may be based on the observa-
tion that the array response to such a component is the same as
that of each wire acting independently. If a horizontal array is
congidered, the power Input required to maintaln a given mean tem-
perature of the wires connected in series may accord y be shown
to vary approximately as (sin® Q + cos2 £ sinZ 8/2)1 provided
the yaw angle V¥ is small.

The power input required to mainteln a series-connected V-array
at a fixed temperature varles according to a corresponding law when
the pitch angle £ is small and the flow is inclined at an angle
Vv to the array plane. In this instance, however, it is possible
to aline the array plane with the flow vector by rotating the mount
about the axis. The condition of alinement is electrically deteoct-
able, as 1s shown by the following consideration:

By replacing 0 i)y Y in the preceding expression, the func-
tion

%,85 (E;in2 V¥ + cos®y sin? -2-)1/4 (8)

is defined.

It 1s found that

e

2
3 ¥ (L-sin’
1im VLB o

(9)
Y—>0 ¥V 2 gind/2

NTIA L Ted

)
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The relation is not correct when the cos @ law is not obeyed.

The input power reaches a minimm at ¥ = 0. The minimum point,
and hence the flow yaw angle, can be electrically determined. An
alternative proceflure is to maintailn a fixed dridge current; at
VY = 0 the voltage across the array reaches a maximim., In either.
case, the sharpness of the reversal point increases as & decreases.
The sensitivity of the vertical array to pitch-angle changes also
increases as B deoreases, however, as has been noted.

When the flow vector lies in the plane of a V-array, it is pos-
sible to determine {2 (when small) approximately by comparing the
Input powers required by the wires when aoting independently. The
theory is not presented becanse the information available is insuf-
fiocient for application of the technique at transonic or higher
speeds (where validity of the simple cosine law is questionable).

The horlzontal array 1ls used to measure yaw angle in an alto-
gether different manner. For simplicity and clarity, it will be as-
sumed that the two wires have like dimensions and electric charac-
teristics and that the reslstances of the wire supports and the nec-
egsary connecting leads are negligible. If each wire becomes one of
two ad Jacent arms of a simple bridge of which the remalning arms are
equal resistances, the bridge will be balanced when, and only when,
the two array wires have the seme resistance, that 1s, are at the
same temperature. If the bridge is so connected that the same
current flows through both wires (strictly speaking, at the balance
condition only), that condition (equal-resistance) is easily detected
by any of a number of conventlonal instruments.

Because the two wires are now at the same temperature and have
the same Input powers, the angle between each wire and the flow
vector must be the same for both, that is, the relative flow yaw
angle is zero. As & Tirst approximation, it can be shown that when -
this condition is not quite met the bridge ocutput ocurrent is propor-
tional to the product V¥ cot 5/2. In this instance, the effect is
quite linear and a reversal of sign of output occurs at ¥ = O.
Accordingly, the method 1s basloally superior to that previously
described for a vertical array. In general, sensitivity is suf-
ficiently high to permit the use of any vertex angle less than
about 120° and otherwise acceptable.

The response of any V-array is sbout the same whether the
vertex lies at the upstream or downstream end of the array. In
flow situations in which a lateral flow gradlent exlists, it often
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becomes desirable to check the measured flow angle, provided & -
horizontal array is being used, by rotating the array through

approximately 180° and redetermining the yaw angle. If the two

go-determined apparent yaw angles differ by more than about 19, a

significant lateral gradient exists and the true direction is very

close to the mean of the apparent directions. An X-array ls supe-

rior in such situations, but is usually prohibitiyely lerge; four

supports are required.

A V-array may be placed within 0.0l inch of a surface closely
parallel to the array plane without serious loss of measurement
acouracy; however, for boundary-layer work, & single wire is gen-
erally preferable. The chief reason for this preference 1is that
less loss of accuracy results from forward-support wake effect; a
second considerstion is that it is more difficult to mowdt two wires
in a desired plasne than to mount & single wire parallel to a given

plane.

4 single wire normel to the mount axis can be rotated to a
position in which it is parallel to & given surface. In general,
the flow vector will not be normal to the wire in such a case.
That procedure, of course, cannot usually be employed in the case

of & V-array.

Finally, the principal direction of a V-array is the vertex-:
angle bisector. In general, temperature and mass-flow rate measure-
ments are made when the angle bisector and flow vector have been
made to coincide as nearly as is practicable in the glven sltuation.

Parallel-wire srray. - A vertical V-array may be used to measure
yaw engle, as has been noted, but the accuracy is usuelly not so high
as is desirable. A horizontal V-srray is umuseble when, for example)
a large lateral gradient of flow exlsts or when wake-angle measure-
ments are desired.

The parallel-wire array was devised t0 overcome these difficul-
ties. It consiste of two wires mounted in the vertical plane con-
taining the mount axis and held in spetial and electric parallelism
by two supports. The wires are usually a few (2bout S) diameters

apars.

The basic principle is the well-known one of the heated wake;
earlier Porms of the arrangement are discussed in references 2
and 17 to 19. The mean temperature (hence the array resistence) is
& maximm when one wire lies directly in the lee of the other, that
is, when the localized flow veotor lies in the plane of the array.
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The wires may be parallel to the mount axis or mounted at some
aocute angle to it. TIn elther case, the center of gravity of the
array 1s placed on the axis.

A yaw-angle determination ls usually made by rotating the mount
about the axls until electric indlcation has been obtained that the
registance of the array 1s at some meximsl value. The bridge current
is kept constent. The yaw angle at which the resistance peaks 18
sharply defined.

Temperature and mass-flow determinations are made in the manner
previously described. As before, the array is first rotated until
ooincid.ence of flow veoctor and array plane hasg been achieved. The
initial "zeroing" is of greet importance in this cese because of the
high yaw sensitivity. Mass-flow determinations are accurate when
the flow pitch angle 1s either known, in which case a suitable cor-
rection to zero pltch can be applied, or is small,

Combinatlon array. - Certaln advantages will subsequently be
shown to be associated with the inclingbion of a wire away from the
position of normal incldence. On those grounds, mounting the wires
of a parallel-wire array at about 45° to the mount axis is desirable.

The one important adverse effect of the Inclination is the
conslderable increase of pltch sensitivity. In the discussion of
V-arrays such arrays were found to be insensitive to direction
changes ocourring in the respective array planes (when the two
wires are comnected in series). Combination of the parallel-wire
and verticel-V concepts is a simple matter; the result is a ver-
tical ¥V of wire pairs.

The two pairs may be used in combination or separately. The
yaw angle 1s obtained by rotation of the mount, as in a vertical V
or a single palr. The sensitivity to pitch during mess-flow-rate
determinations is about the same as that of a single vertical wire.

Both the parallel-wire instruments descrlbed are partioularly
useful for weke surveys and for flow measurements near surfaces
essentially parallel to the axis of the mount. They are usually
not useful near surfaces normal to the axis.

‘ Pyramidal array. - A pyramidal array consists of three or more
wires of equel length meeting at an apex and symmetrically disposed
about some exis (usually one normal to the mount axis).
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Such arrays are very useful whenever the cos ¢ law is known
to hold accurately. For example, if the three wires are oriented
along three intersecting edges of an imaginary cube, it can be
shown that if the wires are connected in parallel the power input
will be virtually independent of flow direction over a substantial
golid angle centered ebout a cube diagonal through the apex. A
meens of measuring the magnitude of mass-flow rate without regerd
Por direc¢tion is therefore availsble under the hypothetical condi-
tions imposed. Once the megnitude is determined, the directlon can
be measured by using the individual wires, or the yaw angle cen be
determined by rotation if two of the wires are symmetrically disposed
ebout & vertical plane through the pyramid apex. -

In general, however, the complexity and the size of the pyramidal
struocture as well as the uncertainties in the current knowledge of
obligue~incidence heat-transfer rates at the higher Mach numbers
served to postpone investigation of such arrays.

INSTRUMENT DESIGIN PROBLEMS

The preceding discussions have assumed the existence of ideal
anemcometers. Explicitly, the assumed lnstruments were supposed to
consist solely of wires having unalterable propertles, dimensions,
and positions with respect to one another end to the mount tube.
Finally, the wires were assumed to have zero thermal conductivity,
so that no input power would be lost to the supports. Such instru-
ments, of course, camnot be devised.

From the possible mount details, the avellable mount and wire
meterials, and the alternative mounting techniques, the designer
mst select the optimm combination for & particular application.
The optimum combination is that which yields the most accurate flow
information after the instrument hes been in active use for a pro-
tracted period, for example, 20 hours.

Although a wholly guantitative treatment of the design problem
is clearly impossible, the following discussion represents an
approach to that ideal. Reconciliation of the conflicts among
the various findings is discussed after treatments of end losses,
serodynamic stress, impact and vibration effects, corrosion, and
electric stebllity. :

End losses. - In the absence of error due +o variation with

time (or use) of the dimensions or of the physical properties of
the wire, the chief source of error is the conductive flow to the
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supports of a substantial fraction of the heat released in the wire.
The magnitude of that fraction must be known in a givéen situation

to make posslble intercomparisons among aerodynamic heat-loss data
‘taken under differing sets of conditions.

The fractional end loss, -represented by the symbol §, is
defined as the ratio of the heat lost by conduction to that lost
dlrectly to the stream. This ratio depends upon the physical prop-
ertles of the wire and the support materials, the dimensions of the
wire and the support, the prevailing local effective mass-flow rate s
and the effective ambient temperature and.the mean temperature at
which the wire is maintained.

Calculation of a fairly precise value of { 1s subsequently
discussed in the section CALCULATIONS AND CORRECTIONS; however, the
equations glven there are such that the degree and the manner of
dependency of { on the values of the several paraneters deter-
mining it are not apparent. An approximate expression that clearly
exhiblts the relations sought is developed in appendix B and given
here; this expression will be found useful in the meking of pre-
liminary estimates: .

D \3/4 [ \L/2 -1/4 fo. -6 .
t s 0.475-1/2 [ X 1 Re'p 1. e WD)y _)1/2
kf ’ ew - ee

L. 1 Dy /4 ky 1/2 " -1/4 Oon = Oyt .
2(0.475)1/2 \Iy kp £,L By - 0 ) (1-t)1/2
(10)

The value of the expression In brackets differs from 1 by less
than 10 percent In almost all cases. The value of the expression

-0 : .

2%'%—-53-’;'5 usually is nearly 1 when { = 0.1 (a typicel value).
= Ce

Varletion of the produnct of these two expressions is accordingly =a

matter of secondary lmportance; the product may often be taken as 1

with 1ittle error.

e e e e A e e e e —
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Minimization of ¢ may best be accomplished,as inspection of
equation (10) indicates, by maximizing the L,/D,; ratio and'using
wire of low thermal conductivity. In view of the presence of the
factor (Re 'f,L -1/ 4 an increase of length at a constent I/D,

ratio will cause a small decrease of {, so that of two geometri-
cally similar wires the larger will lose relatively less heat to
the supports. ‘

Decrease of the support tip diameter and decrease of the sup-
port thermal conductivity will result in small decreases of

6 -

through changes in the ratio | S22 Wib)  (Operation at higher
, e .
W e

mean wire temperatures, through decrease of the gquantity (1 - t)l/ 2 s
will s:LEl_ila.r affect {; +this quantity varies aspproximately as
1+ a8y -1/2, For example, an Iincrease of mean operating tempera-
ture from 200° to 400° C reduces ! wunder normel conditions by

about 6 percent for 20-percent iridium-platinum (as the wire material)

or by about 20 percent for nickel. The physical reason for the
decrease is that with the rise in resistance of the central portion
of the wire a higher fraction of the total power is released within
that portion. )

In general, errors in the calculation of §. lead to errors in
camputed flow characteristice that are small but not necessarily
negligible. Tt 1s lmportant, however, that a distinction be drawn
between an incorrect value of § consistent with a value caloculated
on the basis of calibration data (and used to correct such data) and
an incorrect value of Q Inconsistent with a calibratlion value.

If, to take an extreme situation, the calibration situation and the
experimentel situation are the same, the fact that the caloulated
value of { 1is low by 50 percent in each case (becanse of use of
an incorrect k., for example) hes no bearing on the resultant flow
measurements. Close gimilarity of callbratlion and experimental sit-
- uations is a guarantee that negligible error will result from uncer-
tainties in {. As the two differ more widely, greater care is
required in the ocalculatlon of the end losses. A typlcal case,
involving a fourfold change of flow rate from callbration to exper-
imental sgituation, wes analytically investligated; such a situation
could arise as a consequence of limitations of test facilities. In
order to avoid an error greater than 0.5 percent im the caloculated

Reynolds number, as caused by an error in the assumed value of any
single parameter, 1% would be necessaxry that the magnitudes of the
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following parametsrs be accurate to at least the® stated percentages:
Dy, 5.5 percent; k,, 11 percent; Dp, 60 percent; ky and ki,
each 110 percent; Re',G p,2» 200 peroent. If, however, such errors
exlsted simultaneously,’t e error In the Reynolds number could be
as great as 3 percent so that the permissible deviations are, in
general, correspondingly smaller,

Aerodynamic stress effects. - When the wire stress is of the
order of 3 X lﬁsfdyne centimeter=2 or greater, the effects upon the
dimensions and the properties of the wire are slgnificant and must
be quantitatively considered.

When the wire is not exposed, the stress has, by definition,
the value 0©03. TUpon exposure, the stress is increasged; the induced

stress 1s designated 0y5. The resultant stress, called Oz, 18 not
simply the sum of ¢, and 0p. The relation emong the three
stresses and an expression Jlelding the value of O, follow; the

derivations are given in appendix C. The errors involved in the
use of these relations are discussed in the section CALCULATIONS
AND CORRECTIONS.

033-0'32 0'1"0'23 =0 (11)
' 3 v w23
G'vV
0o = Lw Z(CD 2) (12)
6 A, F Dy

The guantity F in equation (12) is the combined flexibility
of both supports. In the situation of least complexity, that is,
that of a single-wire mount, the wire supports of which consist
of frustums of cones rigidly attached to the mount tube, the rela-
tion (appendix C)

128 1,3

= ) (13)
31 By Dy 15 Dy 2

applies.
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A knowledge of the wire dimensions y drag coefficient, mass~flow
rate per unit areas (taken at a right angle to the wire), flow speed
(also taken at a right angle to the wire), and support flexibility
is requlred for a determination of Oz.

A plot of Oz, the stress In the wire during operation, eas a
function of G5 <for several values of the initial stress 0y is
presented in figure 2. At high values of 0y, Ogz is nearly
independent of Op at the lower values of Op; the dependency
becomes stronger with Increasing Og This significant circumstance
will be referred to again.

The value of Oz may be minimized by decreasing the L./Dy
ratio, by decreasing the rigldity of the supports, and by inclining
the wire to the stream (equations (11) and (12)). In connection
with the first method of minimization, it should be considered
that one of the four factors D; in the denominator of equa-
tion (12) is assoclated with F. When egquations (12) and (13) are
combined, the expression

3 3
0,3 = Eig DI—E D}_’rbll D_;Jvz (cp &' 7')2 By (12)

is obtained. As the mount size varies, the ratios L./D, Dy, 1/Lp»
and D’b Z/Dv; will remain fixed if geometric similarity is ma.in-
tained for the array and the supports. The ratio Dy, 2/D, 1is

present because the relatlive rigldlty of wires and supporl:s affects
the displacement of the wire (from the stralght condition) per unit
aerodynamic loading. It has already been noted, in effect (equa-
tion (11) and fig. 2), that Oz decreases slowly with decreasing

cl .

The effects of the steady stress 0z on the accuracy of meas-
urements are: (1) High stress, by causing slow irreversible deforms-
tion, leads to lrreversible and uncertain chenges in the magnitude of
the heat-transfer surface and in the electric characteristics of the
wire or even to complete failure; (2) the wire is made more vulner-
able to impact and vibrational stresses (subsequently discussed);
and (3) a reversible resistance change ocours that is erronecusly
congidered by the observer to be caused by & temperature change
(the strain-gage effect).
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The adverse effects may be avoided to some extent by proper
gseleotlon of materials. The wire material should have the highest
posslble yield point in tension at the desired operating tempera-
ture. It is lmprobable that any material having a room temperature
long-time yleld point below about 6.2 X 109 dyne centimeter—2
(90,000 1b/sq in.) will be satisfactory for high-speed applica-
tions; the figure cited is based upon experience at the NACA Lewis
laboratory. '

The strain increment accompanying the change from 61 to 0Oz
is given by

0307

E,

(15)

F|E

In terms of the strain-resistance factor S, +he fractional
reslistance change is then given by ‘

AR:E - S (O'gw- Ol) (16)

Selection of a material_ having a low value of the stress-
resistance coefficient SEw'l is therefore desirable. Unfortu-
nately, the value for 20-percent iridium-platinum is 2.87 x 10712
centimeter? dyne~! (1.98 x 10~7 olm/otm/(1b/sq in.)); the material
serves very well in strain-gage applications. Tu.]n%sten is superior
In this respect, exhlbiting & value of 0.44 X 10~1<¢ olm per olm
per dyne centimeter~2. On the other hand, tungsten wire, used at
higher I,/D, ratios, is usually more highly stressed than is
1ridium-platinum.

Minimization (by increase of 0y) of the guantity (0z-07)
of equation (15) is the only method other than material selection
of minimizing resistance changes caused by stress change.

Impact effects. - A quantitative treatment of instantaneons
stresses caused by impacts of stream-borne solid particles is
unavailable. An over-simplified analysis ylelds the exemplary
result that a particle having approximately the density of water
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and a diameter about the same as that of a 0.0038-centimeter wire

can cause a tensile stress of at least 1.4 x 1010 dyne centimeter=2
(200,000 1b/sq in.) in such a wire when the particle is suddenly
brought to rest from an inltial speed of 45,000 centimeters per
second. No wire used for anemometrioc purposes has a diameter greater
than 0.0038 centimeter.,

The probability of a "hit" may be reduced by the reduction of
wire length (normally projected to the stream) and dlameter. Reduc-
tion of wire diameter much below the mean effective particle diameter
wlll not greatly decrease the probability, however, because the
sum of the two dlameters is the controlling figure in this connec~
tion. The most effective way to avoid impacts, of course, is to
adequately filter the stream.

The reduction of impact stresses may be accomplished by
increasing the wire diameter because the developed stress varies
Inversely with the square of the wire diameter. ILengbh changes
have a relatively minor influence on the developed (impact) stress,
whereas the effect of changes of tension is unknown. Impact stresses
will not exceed those caused by particles of the maximum size (hence,
generally mass) permitted to pass through the filter. Inclination
of the wire to the flow, when not contraindicated, is an effective
method of stress reduction because the developed stress varies
approximately as’ the square of the component of particle speed
normal to the wire. : .

The gelection of materlals having high yleld points in tension
will minimize damage caused by impacts. Although compressive and
ghear strengths are equally important, all three strengths are
sufficiently well correlated to obviate the necessity of separate
consideration of each.

Vibration effects. - No attempt has been made to develop quan-
titative theory whereby predictions could be made of the amplitudes
and frequencies of vibrations of the several components of a hot-
wire mount. Instead, the approach has been a wholly qualitative
one consisting principally of recognition of the fact that a very
rigid structure is unlikely to develop significant vibration. In
general, then, the mcunt and supports must be made as rigid as
practicable within limitations imposed by other considerations.
The wire ratio I./D_ mmst be minimized and the wire tension 0

meximized. High tension virtually eliminates wire vibration, a
faoct that has been confirmed by actual observation.
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Because osclllstory stresses assoclated with any remanent vibra-
tion not prevented by the structural rigidity are superimposed on
the steady aerodynamic stresses (as well as upon occasional Impact
stresses), it is desirable to minimize the aerodynamic stresses and
to use materials having high fatigue-limited yield polnts.

Oxidation. - The sensitivity (to flow changes) of an anemometer
increases with the temperature difference between wire and fluid.
Furthermore, a given absolute change in the fluid temperature will
canse an undesired change In the Input power required for main-
tenance of a glven wire temperature that is inversely proportional
to the mean temperature difference. Otherwise expressed, operation
et a high wire temperature minimizes reading changes occasloned by
random or other air-temperature changes. High-temperature opera-
tion hag already been found to decrease {. Fipmlly, the air tempera-
ture will often be above 200° @, which, apart from the preceding
oongiderations , requires wire operation at a minimum of about
350° C.

Corrosion (usually oxidation) rates may be minimized, primarily
by operation at wire temperatures that are minimal with respect to
the considerations mentioned. Noble metals or alloys upon which
‘layers form that are relatively impermeable to oxygen may .be employed.
Alternatively, sultable barriers of impermeable, nonoxidizing mater-
1als may be deposited on the surface of the wire. Finally, the use
of metals may be avoided altogether; oxides exist bhaving resistivi-
ties falling within a useful range when sufficient impurity content
is present. '

The only method whereby the effect of a given corrosion rate
may be minimized is the use of wire baving a maxlimm allowable
diameter - a quantity that varies with meny oircumstances.

Electric stability. - An invariant correspondence of wire
resistance and wire temperature is clearly of basic importence.
In terms of the quentities usually dealt with, the 0° ¢ resistance
and the temperature coefficlent of resistence should be known to
sbout £0.05 percent and should remain fixed within £0.1 percent
or better over & period during which recallbration is t0 be avolded.

Materials having high melting points and high strengths (in
the annealed state) will almost invaeriably exhibit high electric
stability. In general, alloys are less susceptible to crystalline
growth and other internal changes. Electric changes may be reduced
by sultable annealing or partial amnealing (normelization). The
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magnltudes of the values of resistivity and temperature coefficient
of resistance need not usually be considered because, when suitable
bridges and galvenometers are employed, virtuslly all meterials
otherwise acceptable will be found to exhibit a usefully large
change of resistivity per unlt temperature. It is inadvisable,
however, to attempt to use a material having a temperature coeffi-
cient below about 0.0006 per °C because in such cases a given
uncertainty of wire resistance change accompanying & particular
temperature change 1is usually a probibitively large fraction of the
mall resistance change litself.

Reconciliation of conflicting requlrements. - The wire has been
chiefly considered as an anemometer - & device that functlions becanse
its temperature 1s ralsed ebove the effective amblent. The same
wire serves very well as a resistance thermometer, however, and the
two functions do not require distinct design considerations.

The I./D. ratio should be maximized to decrease end losses
and minimized to decrease aerodynamic stresses, decrease vibrational
amplitudes, and increase frequencies of residual vibration. It has
also been found that L, should be minimized Yo decrease the prob-
ability of e particle hit, and that D;; should be meximized to
reduce impact stresses and corrosion effects and minimized so
decrease the probability of particle impact.

Although establishment of & single quantitative relation that
will permit calculation of optimum velues of L, and D, in the
‘absence of quantitetive treatments of impact and vibration effects
ig impossible, typicel examples will be given of procedures through
which the several conflicting requirements may be, in some degree,
reconclled. .

Tet 1t be initially assumed thet the filtration 1s perfect;
impacts are nonexistent. It is further supposed, in this first
example, that vibration has been largely eliminated by the selection
of an appropriately high value of O3. The wire length and the
orientation with respect to the stream are assumed fixed. A value
of F in equation (12) is assumed; the supports have been made as
rigid as the requirements of aerodynemic "cleanness" permit.
Fipally, the wire is to be used at a temperature such that oxide-
tion will not oocur. Under these circumstances, the wire meterial
that should be used and the diameter that is most desirable mist

be selected.
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In equation (10), the quantity

ev— - ew.[> 1. 1 <]3'."'. 3/4 &1/2 G{e’f I>‘_1/«?= e_w-,_m - BV,'A &
b - 6 2(0.475)%/2 \Iy, kp ’ 6% - 6 / Q - +)1/2

may be assumed equal to 1 for the present purpose. Upon solving the
modified equation (10) for Dy, the following equation is obbained:

D_ = 6_4752/3 I t4/3 <k_f>2/3 1+a §w>2/3 <Re'f,1, 1/3

kw l+cx.ee

(17)

As an example, a golution based upon the following figures is
glven: Ly = 0.254 centimeter; § = 0.12 (a rather high value, but
not exce 16n8l1); f£ilm temperature, 125° C; mean wire temperature

» 250° C; effeotive ambient temperature 6o, 0°C; and Re's s
3000 (corresponding to an airspeed of 2072 cm/sec or 68 ft/sec) ’
at standard pressure and 0° C.

Initially, the use of 20-percent iridium-platinum is assumed ;
o is 0.00085 per °C and kgﬁ' is 0.042 (cal/(sec)(cm)(°C))
(2.82 x 10~3 Btu/(sec)(£t) (°F)). In comparison with the value
of k., kp = 0.0000807 (cal/(sec)(cm)(%C)). °

It is found that D, = 0.0023 centimeter (0.00091+ in.). The

deslgner would select the nearest available size., The minimum
L./Dy ratio would be 110.

The dlemeter in the case of a different material is easily

+ agw 2/3

1
caloulated; the figure will vary with <———kw '
the diemeter in the case of tungsten would be about 0.00084 centime-~
ter (0.00033 in.). The minimm LW/DW would be 303.

. For example,

e e &
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After the wire diameters for varlous materials have been deter-

.mined, the wires mmst be compared on the basis of expected stresses

and yield points. The information that is required is the meximm
flow veloocity to which each wire may be subjected without exceeding
a certeln fraction of the long~time yield point of the material.

The maximum steady stress should probebly be limited to one-
half the known long-time yield point of & glven material at the oper-
ating temperature. A safe margin is afforded by observence of that

I'u.le- '

By designating the maximum alloweble stress o, (selected by
any such rule), ignoring Oy in comparison with Oz, and noting
that G' = pV', the following equation is obtained from equa-
tions (11) and (14): :

v 1.5 23R\ 4 Dy 054 .
V' = <pz c;;z stl}lz (18)

Equations (17) and (18) are cembined to yield °

7.\2/3 :
V' =0y cm3/4 <1 +k:‘ W (19)

in which
. 1/3 e 2/3
0, = 0.4758/3 (1.53R)L/4 (pop)L/2 1, 1/4 t4/3 (Re" f,L> (ﬁﬁ;)

For the present purpose, the quantity (p GD) "1/ 2 15 considered
fixed. )

1+ a6.\2/3
The gquentity om3/ 4 <_.ik___‘i> / may be considered under the
W

conditions of the derivation & "figure of merit” of the wire material.

¢t
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By using 3.55 as the ratio of the yleld points in tension of
tungsten and of 20-percent iridium-platinum, the ratio of the figures
of merit of the two materials 1s found to be about 1.05. On the pre-
ceding basis, the noble alloy will wlthstand airspeeds slightly in
excess of those to whioch tungsten may be subjected. .

Impact stresses have been lgnored in the preceding discussion.
Such stresses In the tungsten wire would be over 13 times as great
a8 those in the noble-glloy wire because the square of each dlameter
is involved. Clearly, if spatial resolution demands permit, the
larger (alloy) wire would be employed.

As an additional example, an outline of the analysis required
by one other typlcal situstion is consldered; no numerical result
is given as 1t would not bhave the gemeral significance of the result
obtalned in the previocus case.

It is supposed that a wire of -specified maximum dismeter is to
be used to survey a boundary layer. The stream is not free of par-
ticles; the maximum allowable dlameter is therefore the one chosen.
The component of wire length in the direction of flow is limited by
the megnitude of the gradient in that direction.to & glven figure

" (Ly). The lateral grediemt is small and the wire-length component
in the latersl direction is unspecified. The angle between the
gtreem and the normel to the wire ® should be less than about 60°
to prevent the wire from lying, in substantlael part, in the wake of
the forwerd support. As previously, the maximum allowable end loss
ig specified.

The angle @ 1s either 60°, as a maximm, or is fixed at scme
lesser value by the relation (from equation (17))

‘ gin @ tant/3 @

/3 5 \2/3 \1/3
o S

The last quantity in parentheses 1s the Reynolds number based upon
the trme alrspeed and the length Ly. )
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Following the determination of ® and of I, = L, csoc @ for
each of the materials being considered in a given case, a comparison
of materials is made from the point of view of steady stress using
equations (11) and (12); the preceding expression for I, is used
ags well as V' =V cos @. It is found that

L, (cp ov')2/3
1.5 75 p A3

Oz

n

_Lg (Cp pV)2/3 csc @ cos cp2/3
S ST AT AT

(21)

In this case it is impossible to state e simple relation that
will serve as & figure of merit. The stresses Oz would be computed
for some given high velocity within the deslred working range. The
several materials of interest would then be assessed on the basis of
comparisons among the several ratios Oz/0p.

REALIZED DESIGNS AND CONSTRUCTION

The considerations governing selection of materials are dis-
cussed. The presentation of the salient construction features of
mounts is followed by & discussion of wire mounting techniques.

Evalunation of Materials

Wire materilals. - References 20 to 24 and other publicatlons
were consulted to obtain information concerning alloys and elemental
metals of possible use in the experimental program. Unfortunately,
meny materials (meny chromium-beering alloys, for example) that were
promising on the basis of strength and corrosion resistance could
not be considered-beceuse neither thermal conductivity nor electric
deta were found in the literature. It was considered infeagible to
meke the thermal-conductivity determinations required to evaluate
such meterials. Electrical date were easily obtainable, of course,
if a given material was aveilable. .

1289
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The materials finally considered in some detail were tungsten,
noble-metal-plated tungsten, and the noble-metal alloys.

It was known that tungsten oxidizes falrly readily; data on the
increase of resistance caused by oxldation are presented in Ffigure 3.
The curves represent the increase with time of the room-tempersture
resistance of three typlcal tungsten wires suspended within a heat-
ing Jacket and exposed to the atmosphere. Even at the moderate
temperature of 482° ¢, the rate of increase of resistance of the
bare wire is about 1 percent per hour. The meximm permissible
variatlon is about 0.005 percent per hour if frequent recalibrations
are to be avolded. The remaining curves represent the increase of
reslstance of two tungsten wires plated with platimum by sputtering
and by electroplating. The rate of oxygen diffusion through the
plaeting in each case was such that the plated wires oxidized about
as rapidly as bare wilre. )

Below about 375° ¢, tungsten resists oxidation (at normal pres-
sure) so that a tungsten wire operating at a mean temperature of
300° C would probably not fail -by corrosion. A temperature of
300° ¢ 1s the maximm allowable because the temperature at the
center of & tungsten wire having an Lw/Dw ratio of 250 will exceed
the mean value by more than 60° G. In practice a wire cannot be
safely operated at the maximim sllowable temperature, for any sub-
stantial electric overloed will inevitably cause & change in char-
acteristics. - :

Tungsten wire commerclally electroplated with gold or platinmum
is available. Such material can easily be fagtened to sulteble
supports by routine silver soldering, but the plating serves no
other purpose.

Several noble-metal combinations (gold-platinum, silver-
platinum, palladium-platinum) were excluded from consideration
because of the relatively large rate of decrease of strength with
increase of temperature. Rhodlum-platinum alloys have insuffi-
clent strength even at low temperatures. Alloys containing more
than about 10 percent of either osmium or ruthenium could not be
used beceuse of susceptibility to oxidation. No informatlion wes
or is avallable concerhing binary rhodium-iridium alloys; such
alloys, as well as ternary alloys based on either rhodium or
iridium or both, should be experimentally investigated as their
characteristics should be outstanding. One bimary alloy (20-percent
iridium - 80-percent platinum) and one ternary (5-percent
ruthenium - 1l5-percent rhodium - 80-percent platinum) appeared to

e e S e e o e e e e o
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have desirable electric, mechanical, and corroslion-resistant charac-
teristlos, on the basis of the published data, and are available
from commerclal sources. .

Published data (with the exception of thermal conductivity)
concerning both alloys were checked at this laboratory. The two
materials were found to have virtually the seme electric properties
and corrosion resistances; however, the strength of the ternmary
alloy was found to be about 20 percent lower than that of the binary.
The ternary alloy was not considered after it was found that thermal
conductlivity date were unavailable; it was felt very unlikely that
the thermal conductivity would prove to be sufficlently lower than
that of the binary alloy to compensate for the strength difference.
Thermal-conductivity data were available (reference 25) for the
iridium-platinum alloy.

The results reported herein were obtained with 20-percent
iridium - 80-percent platinum. OFf the available alloys or elemental
metals possessing properties that have been evalnated, no material
is believed superlior insofar ag steady-state anemometric work 1s
concerned., ‘
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The relevant characteristics, insofar as they can be assigned
numbers, are listed in the following table:

Property Velue TUnits Remarks
Resistivity 32.9 x 1076 olm-cm Dependent upon history-
of material
Strain- 6.1 dimenslonless | Independent of history
resistance i of material
coefflicient
Temperature 750 °c Value correct only
above which for alr at normal
oxidation 1s pressure
detectable
Temperature 0.00085 og-1 Dependent upon history
coefficient of material
of resist-
ance
Thermal con- 0.042 cal cm™L °¢-1l | No measurement mede at
ductivity thls laboratory;
value correct at
' both 0° and 100° ¢
Yield point in | 0.723 X 1010 dyne om™2 No measurement made at
fully an- (105, 000) (1v/sq in.) this laboratory on
nesaled con- fully annealed
dition nmaterial
Yield point in | 1.00 x 1010 dyne om™2 Conservative value
as-~drawn (145, 000) (1v/sq in.)
condition
Young's mod.- 212 x 1010 dyne cm=2 Calculated from
ulus of (30,800,000) (1b/sq in.) measured strain-
elagticity resistance and

stress-resistance
coefficlents

~

The wire is usually anneeled at this laborastory by being brought
in open air to a temperature of about 800° C end held there for
The period is not critical.
not a full anneal but does normalize the material. A decrease In
resistance of sbout 5 percent ocours within the first 3 minutes. A

geveral mimtes.

glight change of temperature coefficient also occurs.

Such an anneal is

Changes of

- e e e e e v e - ¢
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any kind occurring beyond the 3-minute period are emell in compar-
ison. The rate of oxidation at 800° C is so low that for all
practical purposes the wire composition is unaltered during the
annealing.

The linearity of resistance change with temperature:is shown
in figure 4. The three specimens hed been subJected to a l/Z-hou.r
anneal at 820° C. Data at the several temperatures were taken at
both increasing and decreasing temperatures. A few points were:
taken in an entirely random fashion; nevertheless , little scatter
and no apparent hysteresis occur. Because straight lines can be
drawn through the points, the conclusion is warranted that, to the
order of precision required in the present applications s the rele-
tion between resistance and temperature is linear.

The stress-resistance coefficient (2.87 X 10~7 (ohm)(otm™1)
(cm?) (dyne-1)) was found in the usual manner; the resistance was
measured while a succession of standard weighte was placed on a
loading pan supported by the test wire. Excellent reproducibllity
end linearity were obtained up to the maximm stress to which each
specimen was subjected, namely, 0.430 X 1010 dyne centimeter-2
(62,400 1b/sq in.). The stress-resistance coefficlent was the
same within experimentel error (3 percent) for both the as-drawn
and the annealed (at 800° C) wires. On the basis of an assumed
Young's modulus of 212 x 1010 dyne centimeter=2 » & strain-resistance
coefficlent of 6.1 was predicted. The value wes later confilrmed
by experiments made to determine the gage factor (6.0) of strain
geges mede with the material. As the gage factor is invariably
slightly less than the straln-resistance coefficient of the material
itself, the assumed value of the modulus must be nearly ocorreoct.

Support materisls. - The support was required to have high
strength, accept silver solder readily, exhibit high electric
stabllity, have a low product of resistlvity and temperature coef-
ficient of resistance, oxidize with difficulty, be sufficilently
hard to make repeated cleaning practicable, and be capable of being
machined or formed. In addition, it was desirable that the thermal

conductivity be low.

The commercial nickel-chromivm ealloy Inconel ‘in the form of
welding rod was selected, for it met all of these specifications.

Occasionally it 1s desirable to have supports, which, although
exhibliting rigldlity greater than that of Inconel supports, offer
the same or even less opposition to local flow.. The Young's modulus
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of Tnconel is about 214 X 1010 dyne centimeter-2

(31,000,000 1b/sq in.); apparently, no material that is at least
equally acceptable in other respects has a higher Young's modulus
than elloys In the nickel-chromium series.

One experimental mount was nevertheless constructed using
wire supports of (ground) tungsten carbide (6-percent cobalt-bound)
cones., The supports were considerably more rigld than the usual
Inconel supports despite the smaller cross sections. The electric
characteristics were slightly inferior to those of Inconel, how-
ever, for althongh the resistivity is slightly lower than that of
tungsten, the temperature coefficlient is very -high (about 0.006/00).
Such supports should therefore be used only when either condiltions
of severe vibration prevail at the measuring station or the channel
is of such size that supports of minimal cross sectlon are essen-
tial. In general, the support resistance will not then be known
as precisely as when a nickel<chromium-alloy support is employed
(for which the temperature coefficient 1s usually about 0.00016/°C).
Tungsten carbide accepts silver solder readily; furthermore, its
extreme hardness makes possible an indefinite support life.

Mount Details and Assembly

The realized mounts carryling different arrays are similar to
one another with respect to materials, constructional detalls, and
adherence within practical limitations to the design principles
previousgly discussed.

Mount details. - Typical constructional detalls are illustrated
in Pigure 5. The mount tubes of stainless steel or Inconel are
thick-walled wherever the permissible cuter diameter is about
0.48 centimeter or greater; the limitation is the substantial
fraction of the cross section occupled by the lead wires. The
portion at the instrument end is given an approximately stream-
1lined cross section whenever practicable; considered as an approx-
imate ellipse, the minor and major axes of the section have been
as small as 0.20 and 0.35 centimeter, respectively, when the sup-
ports couwld be placed in a plane contalning the flow vector. The
smell-sectioned portion is falred into a larger tube; the tube
ultimately becomes a round, thick-walled, 1/4-inch-diameter tube
thet can be accommodated by a standard instrument actuator of
NNACA design.

U S
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The supports, usually of Inconel, conslst most frequently of a
combination of circular rod and frustum of & cone. The cylindrical
portion, about 1.9 centimeters long, hes a dlameter varying from
0.064 to 0.15 centimeter for the different mounts. The conical
portion is tapered from the point of emergence from a commercial
porcelain~type cement insulation to e tip diameter of from 0.01 to
0.023 centimeter; the length varies from 0.76 to 1.9 centimeters.

The support. is usually bent at or near the base (exit point) to place
the tip near the deslred location. In addition, the tlp 1s often
curved in sultable fashion. In some instances, a solld support is
replaced by a sultable combination of tubes, making possible the
Incorporation of a pressure 'l:a.f. The q_uantiti F is of the order
of 4.0 X 10-7 centimeter dyne™ (0.07 in. 1b~l) for a typical Inconel
support. The same support, If fabricated of tungsten carbide, which
cannot be inelastically deformed, would have_a flexibllity of about
1.48 X 10~7 centimeter dyne-l (0.026 in. 1b~1).

The leads are of glass-coated copper. The minimm mumber 1s
four as a Kelvin bridge requiring two leads per support is used.
Each lead 1is gilver-soldered to the support base prior to mount
assembly. By the expedient of slilver soldering one support into a
slot in the end of the mount tube and thereby usually grounding that
portion of the circuit, it 1s possible to reduce the nummber of lead .
wires carried within the tube by one. In such a case, the additional
lead connection is made to the base of the mount; the two maln
current-supply leads alone can be handled in this mamner.

It is essentlal that a1l leads (other than the two furnishing
current to the entire bridge) be joined to the respective supports
at points within a small fraction of a centimeter of one another to
avold the production of differential thermoelectric electromotlve
forces.

Standard AN-series connector plugs are used; commercial flex-
ible cable armor comnects plug and mount. When a pressure tap ls
present, a small-diemeter tube is brought to the plug along the
inside of the armor with the wires; it leaves the plug through a
hole drilled at a convenient point (fig. 5). This construction
makes it possible to disconnect and to remove plug and armor and
thereby to reduce the over-all diameter of the instrument to
0.637 centimeter for insertion into or removal from an actuator

without possible damage to the working end.

The variable plug contact resistences have no effect on the
bridge relations because of the Kelvin comnection. For the same

-1289
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reason, & cable of indefinitely great length may be used, provided
reasonably heavy copper 1s employed. No lead resistance should be
gsignificant (2 0.03 percent) in comparison with the minimal value

of a bridge arm containing one of the variable resistances.

Wire mounting. ~ It was previously stated that a wire should
be so mounted that & known minimal stress 0y exists in it apart
from other stresses. The entire mounting procedure is described in
gome detalil because satisfactory instrument operation is critlcally
dependent upon wire behavior.

By calibrating the spring of a jig such as that shown along
with a micromenipulator in figure 6, the wire may be mounted at a
known applied force. It is convenlent to wind some 20 or 30 turns
on the bobbin. When a mounting ls to be performed, a length 1is
brought over the pulleys and attached to the spring-arm clamp. The
bobbin may then be turned in a retrograde direction until the ten-
sion reaches about 6.9 X 108 dyne centimeter~2 (10,000 1b/sq in.),
after which the main clamp is tightened. In the case of iridium-
pletinum, an anneallng current that is sufficient to raise the wire
temperature to about 800° C is employed while the wire is held in a
horizontal position (bobbin, main clemp, and both pulleys are
insulated from the yoke). An annealing period of at least 3 minutes
is required for the noble alloy.

Following the anneal, the main clamp is released, the tenslion
ad justed to about 0.414 X 1010 dyne centimeter~2 (60,000 1b/sq in.),
and the clamp retightened.

The wire jig is always attached to a micromanipulator. In many
cases, a second Jig and manipulator are required, as for mounting a
V~wire. One or both of the manipulators are adjusted to bring the
wire to the proper position with relation to the supports. The wire
ghould just touch the supports. In the case of & single wire, a
mixture of flux and finely ground 650° C silver solder is applied
under the stereoscopic microscope to the jJunction farther from the
jig spring. At this point, either an electric or a torch method of
heating the prong tip may be used. The alcohol torch, fine-tipped
and fed by oxygen under several pounds pressure, is excellent for
the work. The flame should be perhaps 3 centimeters in length; 1t
can hardly be too fine.

The flame tip is directed at the wire support between the mount
and the junction. Under no circumstances can it be allowed to play °

‘on the wire or the joint itself. When the support has become locally
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heated to a moderate red heat, the flame tip 1s i)rought nearer the
Joint until the joint -~ by conduction only - has been brought to a

moderate red. It is nearly impossible to melt the solder too quickly.

Several seconds use of the flame is adequate. The wire on the Jolnt
glide shonld now be melted through at a distance of about 0.5 cen-
timeter from the Joint. This procedure transfers the spring load
to one support. Next, the Jolnt at the support nearer the spring
shonld receive solder end the same flame treatment. The wire can
then be melted through on that side; the spring arm should be caught
by the operator or a rubber stop to prevent damage. Alternately,
the spring arm may be pushed toward the pulley and the melting
accomplished or, in this case, a palr of scissors can be used. The
Jig is then removed from the work area.

Under the microscope each free wire end is selized, preferably
by a reverse-action palr of tweezers. In the prooess of engagement, -
the palir of tweezers is advanced toward the proper support so thet
the free end 1s never under tension. Fipally, a half-loop is made
of the free wire and the piece is moved back and forth (trans-
verse to the wire axis) until the free end breaks off.

If this procedure is followed, the wire will be rigidly
fastened to the supports under a stress about one-half that orig- .
ipally prg%gced by the spring action of the Jig. A stress of about
0.212 X 1 dyne centimeter=2, (30,000 l'b/sq in.) cen therefore be
achieved in thig fashion; by the use of more elaborate schemes,
this figure can be doubled if necessary. The difficulty of wire
mounting increases, however, more rapidly than does the final stress.
In the case of tungsten, higher stresses are easily achievable and
are desirable.

In the case of & parallel palr of wires, whereln both wires
are attached (in spatial and electric parallelism) to the same palr
of supports, the only problem is that of holding the wires on the
jig. TFor this purpose, an auxiliary pulley 1s added to the spring
arm. When & contimuous length of wire bhas been attached to the
Jig, the course being from bobbin through clamp, over first and
second pulley, and then over the spring-srm pulley and back to
the clamp, the forces on the two wires will, of necessity, remaln
equal, If each mein pulley is plurally grooved to a depth of
about 0.005 centimeter, using a groove interval of about 0.013
centimeter, the spacing of the wires can be varied in 0,013~ .
centlmeter steps, the two being held to true parallellsm.

When a mount carries more than one wire or parallel pair, the
wires or palrs are simltaneously positioned. The precise soldering
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procedure varies with the configuration. The basic techniques remain
the same, namely, to solder as gquickly sand with as little heat and
solder as practicable and to transfer spring force to that support
farther from the spring arm prior to application and heating of
solder at the remaining jolnt of a given wire. In most instances
involving a wire array, a support to which 1s to be attached a
plurality of wires is either actually or effectively more rigid
than each of those that carry a single wire. It is therefore best
to attach the wires to the single~wire supports prior to attachment
to the mltiple~wire support, for through such a procedure the final
wire stresses are more easlly established at high values.

Types in use. - Several typleal mounts in current use are shown
in figures 7 to 9. A photograph of the working end of & horizontal
V-array that was combined with a total-pressure tap is shown in
figure 7. Upon suitable calibration, the tap mey be used to in-
dicate a pressure less than static by rotating the instrument through
180° gbout the axig; the calibration will be followed if the radial-
flow component 1s not too great. The dimensions are typical of a
0.0038~centimeter wire array; the entire working end is soeled down
for the smaller wires.

A parallel-wire array is shown in figure 8., The 0.0020-centimeter
wires are separated by about 0.013 centimeter (center to center) and
are inclined at about 45° to the horizontel plane. A total-pressure
tap i1s incorporated. :

A double parallel-wire array is shown in figure 9. Each pair
is simlilar to the array of figure 8. No pressure tep has been pro-~
vided; the central support could have been designed to serve this

purpose.

APPARATUS
Test Tunnel

A conventional wood converglng-diverging nozzle was used for
the investigation and calibration of the arrays. The cross section
is rectangular, the width 1s constant at 7.62 centimeters, and the
throat height is 10.16 centimeters.

Instrument bosses are located along the center line of one or
the other of the plane sidewalls at positions such that flows at
eight fixed Mach numbers ranging from 1 to 2.4 are avallable when
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the tunnel is belng operated at a sufficiently high pressure ratio.
Subsonic data are obtalned &t the throat at suberitical pressure
ratios.

Dried, felt-filtered alr is supplied through & plenum chamber
having an inside dliameter of 91 centimeters. It is shown in refer-
ence 26 that large changes of relative mmidity have small but
deteotable effects on hot-wire heat-~loss rates. It would have been
impossible to obtain substantially shock-free flow at supersonic
gpeeds without at least partial desiceation. Accordingly, the rel-
ative mmidlity, as measured at room temperature and atmospheric
pressure, was kept below 5 percent.

No evidence of shock formation at Mach mumbers below 2.2 was
ever observed when the total temperature exceeded 35° C. Oblique
shock formation occasionally became evident beyond Mach numbers of
2.2. The Reynolds number range for Mach mumbers beyond 1.5 was
restricted by limited heater capacity.

Bridge

The oircuit of the bridge employed 1s given in figure 10. For
all functions other than the determination of the ratlio of two array
resistances (for exemple, arms of a V), the circuit is that of a
Kelvin double bridge.

The switch arrangements are such that lead and contact resist-
ances are elther compensated by the Kelvin connection or are in
series with the high-resistance arms of the bridge. In either oase,
no appreclable error results.

A 1.0-ohm four-terminal resistor is used as the fixed reference
arm. The variable arms consist of commercial decade units of high
stability.

Suitable means are provided whereby the effective galvanometer
gensitlvity may be altered or the galvanometer as well as the wire
removed from the cirouit when no reading is being taken. The swltch
contacts are so arranged that the galvanometer is connected to the
circuilt only after initiation of current flow in the wire or 1s
disconnected from the circuit prior to interruption of the flow
of wire current.
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One use of the bridge 1s the determination of the resistance
of an unheated array or an array heeted by the passage of a fixed
current.

A second use of the bridge is the conventional oné of hot-wire
anemometry; that is, provision of a sensitive and accurate means of
determining whether the resistance of a heated array agreds with
some fixed predetermined value.

The third use of the bridge 1s that of determination of the
ratio of the resistances of members of an array (for example, the
arms of a V). Such a determination may be an original one or a
subsequent one required to meke possible a decision as to whether a
ratio has remained fixed at the original vaelue (as during rota.tion
of a heated V exposed to a stream).

Bridge operations are subsequently discussed in the section
PROCEDURES .

Uniform-Temperature Baths

The eleotric characteristics of the supports as febrlcated and
of the mounted wires have been determined by the use of ice baths
and a molten-salt uniform-temperature bath based on National Bureau
of Standards practices.

The purpose of each bath is the provision of a reasonably
extensive zone over which the temperature is viritunally constant
and in which the temperature 1s accurately known. The support and
wire resistences at 0° C are obtained by measuring those quantities
while the mount is immersed in the melting-ice bath. The temperature
coefficient of the wire or of the supports 1s then obtalned by noting
the resistance of the wire or supports while the mount is Immersed
in the salt bath at an appropriate temperature, usually about 300° C.
In each case, a closely fitting metalllc protection tube is used..

In the case of the resistance of the supports, it 1s convenient
(before wire mounting) to attach a shorting bar of negligible resist-
. ance to each palr of supports; the position 1s the same as that of
the wire (or palr) thet is to replace the bar. In an array resist-
ance measurement, the known resistance (at the appropriate tempera-
ture) of the supports in series with the array 1s subtracted from
the total reslstance.
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The salt-bath temperature is uniform to within & deviation
undetectable by use of an exploring thermocouple over the central
60 or 70 cublc centimeters of the bath. A 650° C mercury thermometexr
readeble to £0.1° C is used for routine work; the thermometer must
be checked from time to time againet a platinum-platinum - rhodium
‘thermocouple.

The temperature assumed by the wire In elther bath differs
negligibly, after a suitable walting period, from the bath tempera-
ture. The salt-bath temperature is routinely determined to better
than £0.25° C; the internmal consistency of the readings is higher.
The over-all accuracy 1le therefore sufficient for the present
appliocation. : :

PROCEDURES
Masg-Flow or Heat-Loss Measurement

The experimental procedures required to meke measurements of
heat losses from & wire under known flow conditions and to make mass-
flow determinations in unknown flow regions are slmilar.

Total temperature and pressure and exlt pressure of the test
tunnel are assumed to have been adjusted to the desired values. In
general, the array must be exposed to a succession of mass-flow rates
at each of a succession of Mach numbers; the total temperature may,
according to simple theory, be permitted to vary widely, but in
practice muist usually be held within certain narrow limits (which
was the case in the present work) if the emount of computetional
labor involved in the reduction of data and presentation in non-
dimensional form is not to be unduly large.

Array resistances, temperature coefficlents of resistance,
dimensions, and behavior when unheated and exposed to flows at
variocus Mach numbers must have been previously determined. From
this information the ratio Te/Tt has to be determined as a func-

tion of Mach number.

An array mean operating temperature (up to ebout 500° ¢ for
iridium-platinum) is chosen and the resistance celculated. The
bridge variable-arm settings required to ensure bridge balance (at
the sum of the resistances of the selected array and supports) are
made.,
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The array 1s exposed to the stream at the desired immersion
depth and orientation. Current is then permitted to flow through
the array and the magnitude adjusted until bridge balanece has been
attained. The magnltude of the current is determined.

Because the flow condlitlons are known, the Mach number and
therefore the effective temperature are known. All quantlties
required for the calculation of Nup/Pre0+3 in the idealized rela-
tion equation (7) are then known. The practical calculation of the
end-logs correction factor required in the case of a real wire having
Pinite rether than zero thermal conductivity is subsequently con-
sldered in the sectlon CALCULATIONS AND CORRECTIONS.

In & mess-flow determination, the heat-loss determination must
be preceded or accompanied by a flow-angle determination (discussed
previously in the section Possible Array Configurations and Uses
and subsequently in the section Angle Data). Knowledge of the flow
yaw angle permits the array to be oriented with respect to the stream
approximately as it was oriented with respect to the calibration
flow. Suoccessive measurements of effective temperature and of heat
loss at a selected array temperature are then maede as dlscussed
elsewhere.

A pressure reeding is mede at the same time if the instrument
is equipped with an appropriate tap and tube.

Although the Nusselt mumber can be calculated at this point

_ (the necessary end-logs correction having been made), the calcula-

tion of mass~flow rete cannot, in general, be contimmed according
to equation (7). The required algebraic procedure is presented in
the section Adaptation of generalized correlation for mass-flow-
determination applications.

Angle Data

The yaw angle of the flow (with respect to some arbitrary
direction) can be measured, as discussed in general terms in the
section Possible Array Configurations end Uses, by a single hor-
izontal V, or by a vertical parallel pair.

The required procedure in the case of the single wire or
horizontal V has been described in sufficient detail.

In the cese of the use of elther a vertical V, vertical
parallel pair, or the array of figure 9 in the determination of

e e e A e e e o e
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yaw engle, the procedure has been outlined in the section on array
configurations. An unimportant 4ifficulty in practice is that of
combining the mass-flow and angle determinations. The bridge arms
are set for the desired array operating temperature. The array is
then oriented so that the principal direction colncides with the
estimated vertiocal plane of the flow. In the case of an array having
two arms, the arms are placed in series, The array current is

ad justed to the value required to balance, approximately, the bridge.

1289

The mount is then rotated while the current remalins fixed until
the direction of change of bridge output voltage-reverses. At that
point the array plane and the vertical plane containing the flow
vector coincide. If a parallel-pair array is belng used, a recheck
of the current reguired for bridge balance is often required. In
the case of a vertical V (of single wires), mo such check is neces-
sary because the Nusselt number wlll not vary rapldly with yaw angle.

Temperature Measurement

Temperaturs measurementse have been previously considered; it
has been remarked that each array 1s usable as a resistance ther-
mometer. The procedure in practice is first to aline the array with
the flow (in yaw). A current ranging from 3 milliamperes for the
smallest wires apd lowest alr flows to 15 milliamperes for the .
largest wires and highest air flows 1s then permitted to pass
through the wire. The bridge 1s balanced by adjustment of +the
variable arms and the total resistance of array and supports is
caloulated. After the deduction of the resistance of the supports
(virtually independent of temperature in the case of Inconel), the
array temperature is computed by the use of equation (1). Finsally,
the effective temperature is converted to static (or total).

The preceding discussion neglects two possible sources of
error, namely, strain-gage effect and the conduction of heat %o
or from supports lmmersed in portions of the stream flow at effec-
tive temperatures differing from the mean value characteristic of
the region in the vicinity of the wire. The correction for strain-
gage effect is discussed later in the sectlion Stress corrections.
The second. source of error has been negligible so far. The required
theory may be obtained by a slight modificatlion of the end-loss
treatment presented, in appendix B; however, it is not given herein.
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CALCULATIONS AND CORRECTTIONS

Evalustion of fluld constants. - Throughout the celculations,
the properties of alr have been generally evaluated at the mean film
temperature, which 1is defined as the arithmetic mean of the local
effectlive temperature and the object temperature. A slight depar-
ture from the stated practice occurred in the evaluation of air
properties in connection with heat transfer from the supports to
the stream. For reasons of simplicity, and with no significant
loss of accuracy, 1t was decided in that instance to use the total
rather than the mean temperature, as previously defined.

The alir thermal conductiyvity, viscosity, gnd Prandtl number
were evaluated at the £1lm tempersture as so defined.

End losses. - The principal correction required in comnection
wlth all wire devices 1s the elimination of the effects of end
losses on the absolute values of the heat-~transfer coefficients.

The necessary theory, which essentially is a modification.of
earlier treatments, is glven 1n appendix B. The approximations
made, as stated in appendix B, do not adversely influence the exact-
itude of the treatment.

All heat-loss date presented herein were corrected for end loss
when such correctlion had a significent effect on the magnitudes of
the data reported. The following relation determined the correction:

1\ (L - %) B<1 -t>=o
Y<m ) (1-t)-—(——!-li -t)+ r+1

(22)

The geveral parameters are defined by the following equations:

p4
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ts —2_ (24)

0.23891%R (25)

er
n

1/

2 1
1.54 ky ' ky

/

2 0.5
Dy (Re't,b,z) (85 - )

When ! has been calculated by’ the use of eguation (22), the
Nusselt number is calculated according to a modified equation (7,
which becomes

0.23891%T = stkelup(F, - 6g) @+t) (28)

The quantities B, Nu,, (Re'_b’-b’z)o‘s, t, Y, and § are
dimensionless. The conversion factor 0.2389 calorie per second
per watt that appears in the previous equations is present because
the product 312 has the dimensions watts per unit length whereas
the thermel conductivities kg, Ik, ky, end k., are nommally
asslgned the dimensions calories per unit length per second per °C.
The factor 1.54 is a pure mumber. The calculation of § -requires
computation of B, t, and Y.

When a glven instrument is being calibrated all the required
quantities are immediately avallable. In an experimental situation,
however, neither the total temperature nor the local mass-flow rate
is initially known and it is therefore impossible immediately to
determine ki end Re'y p.p- The magnitude of § 1is not critically
dependent upon B (whicﬁ éssentia:l_'l.y determines the temperature at
the ends of the wire), however, and because B varies only as

kb“l/ 2 (Re'.b b 2) =0.3 34 Pollows that the use of reasonable estimated
2

values of these quentities will lead to virtually the £inal velue of
§ upon first calculation. In this comnection, the quantitles kg
and g, may be initially used in place of ky and y, respec-
tively. If desired, ki and Re'y 1,,p may be recalculated after
the first approximastion of the 1ocal -$1ow conditions has been
obtained.

.
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The over-all error in the calculated value of ! in any glven
case 1s estimated to be less than 5 percent. On the other hand, the
internal consistency of calibration data and experimental date will
be of a higher order than that figure appears to imply, inasmuch

as errors in { are primarily of a systematic rather than an
accidental nature.

In the present end~loss treatment, an assumption is made that
the ratio of effective to total temperature is the same for both wire
and supports. Otherwlse expressed, such an assumption is equivalent
to the ignoration of Reynolds number effects on the ratio in ques-
tion. The experimental data avallable are insufficlent to form a
basis of determination of the validity of the assumption.

In the absence of a difference of effective temperature between
wire and support, no end effects exist when temperatures are being
measured and no end-loss correction need be made.

Stress corrections. - Despite all precautions, hot-wire instru-
ments are rather susceptible to damage. No data are presented herein
that were obtained with any wire which for any reason whatever
exhibited an irreversbile change of resistance amounting to more
than about 0.l percent between checks of that quantity. Temperature-
coefficient changes as great as 0.2 to 0.3 percent occurred between
checks and were tolerated.

As bhas been polnted out, reversible deformations of the wire
cause changes of total heat-transfer rates associated with the cor-

responding changes of the exposed surface area. Such changes are
patently negligible.

The accompanying resistance change, to the contrary, is not
necessarily negligible.

In the case of the current data the required calculated correc-
tions would have been of smaller magnitude than the figure of preci-
slon of the measurements. Such reversible strain-gage effects were
therefore ignored. ' -

Calculation of the stress change (occasioned by aerodynemic
loading) and of the assoclated resistance change has been briefly
disoussed in the seotion Aerodynamioc stress effects. Use of the
relations presented (equations (11), (12), (13), (15), and (16)) in
a few typical cases led to AR/R values smell enough to warrant
ignoration; however, the magnitudes of the errors involved in such
calculations must be considered. -
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Because of the nature of the assumptions made in the derivation
of equation (12) (appendix C) and the rather large uncertainties in
the values of Cp and of F in any glven cese, it 1s questionable
that the value of O, 1s known to better than £10 percent.

The value of Cp 1s actuelly obtained by mltiplying the
incompressible value (Cp , in fig. 11) by the ratio of the com-
pressible coefficlent to the incompressible (fig. 11); the values
have been taken from references 27 and 28. The procedure is not
rigorously correct but yields values of Cp probably correct to
better than £10 percent. The underlying assumption is that the
variations of Cp reported for various Mach numbers were, to a
first epproximation, uninfluenced by the relatively small changes
of Reynolds number occurring over the speed ranges ln question, '

The calculated value of O3 varies slowly with Oy at low
values of O, (and high values of 0©y) and approximately as Op
at the higher values of O, (that is, those considerably greater
then 0y). The greatest error in Oz 1s therefore about 10 per-
cent if the uncertainty in o4 1s lgnored.

The possible error in the difference (0z - 07) 18 «f greater
importance then the error in 0z, inasmuch as (03 - ol) determines
the change of wire characteristics. At currently employed values
of 04 (about 20 percent of the room~temperature ylield points of
the wire materials used), the uncertainty of (0z - 0;) probably
is usually less than %2.1 x 108 dyne oentimeter‘g (£3000 lb/s% in.)
at any absolute stress up to about 3.4 X 10° dyne centimeter-

(50,000 1b/sg in.). Whenever substantial (greater than 0.0025 cm)
differentiel bending of supports can occur due to unequal aerodynemic
loeding or use of unmatched supports of insufficient rigidity, the
errors will be greater. . ‘ :

Substentiation of equetions (11) and (12) should be accomplish-
able by exposing a wire to flows characterized by a range of Reynolds
numbers et nearly constant Mach number and total temperature, If the
Reynolds number range is not great enough to affect conceivably the
ratio of effective to total temperature, any apparent variations of
effective temperature cen be tentatively ascribed to resistance
chenges caused by variation of tensile stress. Recently, a few data
were obtained with a standard-mount, single-wire combination in an
attempt to substantiate quantitatively the theory as well as the
preceding considerations concerning the over-all precision of cal-
oculations of stress changes.
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No significent change of resistance of an iridium-platinum
wire could be detected while the air-flow characteristics were
varied 1ln the manner indicated. The value of 0, was about
1.4 % 10° dyne centimeter2 (20,000 1b/sq in.). The negative
result was interpreted as signifying thet either the true resist-
ance change was as predicted by theory (in this case, not quite
detecteble) or was smaller by some unknown decrement. Such tests
should be repeated at low 07 values &nd high Lw/Dv ratlos,

Accordingly, the theory probably sets an upper bound to the
resistance change as well as to the absolute steady stress under
glven conditions.

EXPERTMENTATL, RESULTS AND DISCUSSION
Celibration and Mass-Flow Determination

In the following paragraphs, typlcal data obtained with a
Bingle wire normal to the stream are considered along with the
utilization of such information. The behavior of a more complex )
array is simllar for a fixed orlentation with respect to the stream
elthough the values of the dimensionless constents of the equations
will, in general, be different from those applying to the single
wire.

Calibration of single wire normal to gtream. - Results of a
geries of heat-loss experiments made with the same 0.0038-centimeter-
diameter wire over a period of about 1 month are presented in ©
figure 12. The air temperature varied between 23° and 45° G. The
wire temperabure was fixed at 290° C. A systematic change of
Nuf/Prf0‘3 with Mach number can be observed.

Data taken at several wire temperatures are presented in
figure 13. The total air temperatures varied between about 25°
and 50° ¢. The uncertainties of the thermal conductivity of alr
and of viscosity are not thought to be sufficlently great to account

for the increase of Nuf/Prfo'3 at decreasing wire temperatures.

The deviations are in a dlrection such that the inference 1s
posslble that the mean wire temperatures actually are higher than
the assigned values., For example, 1f all mean wire temperabtures
actually were about 3° C higher than the assigned values, the
several ourves would colncide. No source of such large errors
could be found, however.
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Correlation equations. - In order to correlate the data of
figures 12 and 13 properly, a more complex relatlon than that of
equation (7) is required. In view of the change of Nuf/?rfo's
with Mach number, it is necessary to introduce in the manner sub-
sequently indicated a wholly empirical function designated £
and dependent solely upon Mach number. The value of f; 1s
arbitrarily taken to be 1 at a Mach mmber of 1.

The spread of the data of figure 13 with wire temperature can
be eliminated by the adopbtion of a temperature function in the man-
ner indicated in the section Basic Instrument. In the absence of
variable air-temperature data, however, the exponent of any tempera-
ture ratio so employed would be quite arbitrary. When such data
become available, it should not be difficult to exhibit heat-loss
data over wide ranges of alr temperature, wire temperature, Reynolds
mumber, and Mach number as a single-valued function in view of the
regularity of change of nondimensionasl heat-loss rate with change
of wire temperature. Because a difference of temperature (6;-6¢)
of at least 150° C is required if reasonably reliable heat-loss data
are to be obteined, the maximim allowable effective air temperature
will be about 275° C; this value is based on the conservative max-
imm allowable operating wire temperature of S00° C and the usual
difference (approximately 70° C) between 6y ¢ and 6y,. The air
temperature is unlimited by any factor other than wire behavior and
the existence of suitable calibration facilities; the mounts have
been successfully subjected to high-temperature flows. For the
present, however, the alr temperature is assumed to remain within
perhaps £50° C of some reference value and the wire temperature is
assumed to vary by not more than %25 percent (in terms of the value
on the centigrade scale). Under such conditions adoption of a
temperature functlon 1is unnecessary.

A correlation of the data of figure 12 of the type

Nue

=0y + Cy (Re’f,w)o‘s £ (27)
pr,0-3

is accordingly indicated, for the several curves apparently con-
verge to a common zero-flow intercept on the Nuf/Prfo~3 axis.
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Actually, however, 1t is impossible to determine either from
the data of figure 12 or from other similar data obtalned at this
laboratory whether such a correletion or one of the followlng type
repregents a correct description of the data:

Nup o.sl :
0.3 = [Cl + Cz (Re'f’,w) fl (28)
Pl'f

In view of the fact that it i1s unnecessary as well as impossible
to distinguish between the two possible correlations becaunse of the
esmallness of the constant C; 1n comparison with Csp (Re £,%
for Reynolds numbers greater than about 30, equation (27) nas been

arbitrarily adopted as the description of these and similar data
because of its relatlve simplicity.

According to eguation (28), f; could be defined as the ratio
of the TWusselt number at a particular Mach number to that at a Mach
munber of 1.0 and the same Reynolds number. Such a definition
although not rigorously applicable in the case of equation (273,
is convenient as an approximation to the precise denotation.

No attempt has been made to establish & quantitative theoretical
basis for f7. Qualitatively, 1t appears reasonable that the func-
tion, whatever its nature in the subsonic regime, should exhibit
rough over-all symmetry about a point at a Mach number of 1.0 on &
plot of £ against Mach number (fig. 14). This observation stems
from the consideration that the fluid flow over a substantial por-
tion of the surface of a wire at a given supersonic free-stream
speed is roughly equivalent to that at some subsonic free-stream
speed because of the presence of a bow wave at the supersonic speed.
The correspondence requires further investigation but is partly con-
firmed by the circumstance that £, has nearly the same value at
pairs of Mach numbers connected by the well-known normal shock rela-
tion

1+ Z:l-Mlz
Mzz .—2
w2 - 121

1 2
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in which the subscripts 1 and 2 refer to the conditions prior
and subsequent to the shock, respectively.

The function £y as well as certain other functions to be dis-
cussed is shown in figure 14. Although the values plotted are
probably nearly correct, modification will possibly be required
as additionsl data are obtained. Furthermore, some evidence (not
presented herein) exists that indicates that the shape of the \
curve is modified by orientation of the wire at an acute angle to
the stream. GQualitatively, such an effect should exist at super-
sonic speeds because of the flow~field modifications accompanying
the shock configuration assoclated with the forward support (or sup-
ports, in the case of certain mltiple-arm arrays). In any case,

f; mst currently be experimentally determined for each array.

Comparison of the data of figures 12 and 13 with published data
on & quantitatlive basis is impossible becaumse no similar information
has been released. The equation of the line M = 0.375 is

Ru
L - 0.16 + 0.468 Rep0-5 (29)
0.3
Prf M
The use of
D . 0.35 + 0.47 Re0+52  (30)
0.3
Pre

is recommended in reference 8 (equation (4a), p. 222) in the Reynolds
number range from 0.1 to 1000 &t low Mach rnumbers. Because equa-
tion (30) represents the best curve through many data polnts obtained
by a number of investigators, it should be reliable.

The value 9.80 for the varisble Nup/Prg0-3 at an Re;0+% value

of 18 is obtained from equation (30); equation (29) yields 8.58+ at
the same Refo's value. The difference is partly ascribable to the
fact that the data of figure 12 do not extend to the very low Mach -
mmbers at which £y certainly exceeds the value corresponding to
M = 0.375.

1289
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Furthermore, no entirely satisfactory method has been employed
at this laboratory for the measurement of wire dlameter. The diam-
eter used in the calculations is possibly in error by several percent.
Accordingly, it is felt that the agreement between equations (29)
and (30) is fairly good.

Adaptation of generallzed correlation for mass-flow-determination

applicatlons. - Because introduction of a function of Mach number

to effect correlation of heat-loss data obtained at different
Mach numbers has been found necessary, ,‘the question of the utliliza-
tion of such data arises. It will now be shown that the combination
of an indicated pressure, an effective temperature, and a heat-loss
datum uniquely specifies the local steady-state flow characteristics.
The flow direction 1s assumed to be either known or determinable.

The quantities

P

RgTe
and
* a
Re*f’w = ..p_.......e_ﬂw_ (32)
oy
are defined.
Then,
= Re#* v 33
Reg w = Re¥p o -E—-p*ae (33)
Furthermore,
z .
£,= L = Ps y,/2e (34)
p¥ae Dy Tg

is defined.

e e e 2 o e e e e e Ay e e e b+ ¥ e = e e Sy e Ao o o S A gt e — g = e s
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From equations (33) and (34),

Rep y = Re¥p o 5 (35)

The immediate significance is that separation has been effected
of f,, the factors of which are dependent solely upon Mach number,
and of Re*f w0 experimentally determinable without reference to

the Mach er,

Combination of equations (27) and (35), permissible because
Re'f,W = Rep & in this case, ylelds

N«u .
—I =0y +0Cy (Re*f,w)o-S £, £50-5

003‘
- " Yo.s
= Cq + Cy (Re*f,w) £z (36)
in which ' .
- 0.5
=1/21Y.
= 0.5 Pg Ts>
fo=f £,V =58 |M—|— (37)
3 1l-2 1 P; (Te

Now fz is a functlon of Mach number alone; it is experimen-
tally determined prior to any mass-flow measurement. .

Accordingly, the Mach number asnd mass-flow rate may be obtalned -

by the followlng procedire: }

(2) The experimental data and eguations (26) and (32) are used
to calculate Nup and Re¥p .
)

(b) Equation (36) is used for the calculation of fz.

(c) The experimentel relation between fz and M, repre-
sented by equation (37), is used to determine M.

1289
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(&) Eguation (34) and the value of f, corresponding to the
obtained value of M are used to calculate pV.

Limitetion of Re* method. - The method is clearly applicable
regardless of the value of the exponent of Rep 4
- ’ /

In practice, the procedure will yield a well-defined value of
.f3 only when the indicated pressure p; exceeds the static pg
by, at most, about 20 percent of the velocity head. In figure 14,
velues of fz are plotted for three cases. The case in which the
known pressure is the static pressure is that for which pgy/p; = 1.0.
A second curve 1s given that corresponds to the use of a pressure
tap having the constant recovery coefficient of 0.5 so that

= . - (38)
3 1+ 0.5 (?E —‘>
Pg

The total pressure upstream of any shock configuration has been used
here because the nature of the device 1s unspecified and caloulation
of the total-pressure loss across any shock is therefore lmpossible.
The third curve corresponds to the use of a hypothetlical total-
pressure tube that indlcates true total pressure under all condi-
tions. The corrections et Mach nunbers below 1.4, for any real
total ~pressure tube, would be small.

It is patent that the prescribed procedure will faill completely
in the third caese; it will be unsatisfactory in the second. The
physical reason for the situation appears to be that, with a pres-
sure which is itself nearly invariant with Mach number, neither the
change of Nusselt number with Mach number nor the change of effective
temperature with Mach number is sufficiently great to .define the
point on the Mach nunmber scale at which the heat loss is occurring.
Otherwise stated, the principal determiner of Mach number must be a
pressure that varies substantially with Mach number, that is, a pres-
sure approaching the true static pressure. Consldered from the point
of view of Reynolds mumber varilatioms,

Py 8 Dy

Re¥, = z—m—
t,w T Ry T kp

must be strongly dependent upon Mach number.
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Because total~pressure taps have already been added to two types
of mount, static-pressure taps may be added as well. . The outlined
procedure is one of very general usefulness, as 1t is necessary only
that the Indicated pressure roughly approximate the static pressure.

Yaw Characteristics of Angle-Sensitilve Arrays

V-array. - Figure 15 presents the yaw characteristics of a
V-wire having a 90° apex angle. Galvanometer deflection has been
entered as a function of angle of deviation from the point of zero
deflection. These data were obtained for a succession of M values,
the totel pressure and wire and air total temperstures remaining
fixed throughout. It is apparent that: (1) The plots are straight
lines that would all pass through the common origin haed they not
been, except for the lowest one, displaced upward to exhibit their
characteristics more clearly; (2) the lines have roughly egqual
slopes, indicating constant sensitivity over the flow range in
question; and (3) the characteristics at high supersonic speeds
are the same as at low speeds. '

The over-all accuracy of a determinastion of angle should be
considered to be about £0.5°. This velue would be smaller for a
V-wire having, for exemple, an apex angle of 45°.

The linearity of response hes been predicted in the section on
+the V-mount for the subsonic case. Ko theory 1s available for the
supersonic case, but evidently the same relation holds, that is, the
bridge output current or voltage is linearly dependent upon the

angle V¥ at small angles.

Parallel-wire array. - Figure 16 shows the yaw characteristics
of a bypical parallel-wire mount; in this case the array consisted
of two 0.0025-centimeter-diameter wires 0.25 centimeter long sep-
arated by about 0.013 centimeter and oriented at about 459 to the

stream.

For yaw applications, a bridge ontput meter having a small
period, for example, less than 0.1 second, is very desirable butb
was unavailable; the sensitivity requirements are high. The gal-
vancmeter used had a period of 3 seconds; the point of deflection~
movement reversal wes accordingly less certain than the inherent
tolerance of the array and there is therefore some scatter in the
date poimts. The over-all accuracy of an angle determination should
be considered as about £0.5°. :
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The deflections are presented.as & function of angle of devia-~
tion from direction of maximmm deflection for several different
Mach numbers. Again, the characteristics are essentially independent
of M, although there is a slight increase of sensitivity with
increase of M. Supersonic results are unavailable, but no reason
exists to suppose that the array behavior would be different in
that regilon.

The accuracy with which flow angles can be determined is indi-
cated in figure 17. In the first case, the Mach number was held at
0.457 and the mags-flow rate varied over a wlde range. In the second
case, the Mach number was varied from a low value through the tran-
sonic range and the sectlion pressure held constant. The density
varied slightly, of course, as the static temperature varied with
M. The shift of the angular zero position was small in each case.
There are reasons based on experiment for believing that the test-~
tunnel eir-fiow direction varies slightly and 1t must be considered
that the errore are total wvalues, that is, wire plus tunnel.

Temperature Recovery Ratio

In flgure 18, the current knowledge of Tt/Te) Te/Tt: and.
Ty/T. 1is presented for air (Prandtl number = 0.74 and 7 = 1.4)
in the oase of normal exposure of a circular cylinder.

The Germasn data (reference 15) were obtained at somewhat higher
Reynolds numbers and, although of interest, are not strictly com-
parable to those obtained at this laboratory. Other subsonic data
(reference 14) are in substantial agreement with the subsonic por-
tions of the ourves of figure 18.

In figure 19, preliminary date pertaining to the question of
variation of the ratio T./Ty with the angle between a supersonic
gtream and the normal to the wire are presented. Such effects are
significant and in view of the surprising lack of symmetry of the
results about the 0° point end effects (exposure to post-shock cone
flow) are pronounced. ‘

These results indicate that when an array of wires not all of
which are normal to the stream is used, the array temperature ratio
Te/Tt as well as the heat~loss characteristics mst be determined.

e e e e e e e mmm e e e e e+ o ——— e i et e = et e~ =
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CORCLUSIONS

An investlgetion was made of the design requirements and heat-
transfer characteristics of wire instruments to be used as hobt-wire
anemometers and resistance-wlre thermometers at transonic and super-
sonlc speeds. The followlng conclusions were drawn from the results:

1l. Filne-wire instruments of proper design mey dbe used to
obtain accurate air temperature, mass-flow rate, and flow-angle data
over at least the totel temperature range from 0° to 275° C, at Mach
numbers ranging from O to at least 2.4, and at air total éensitles
at least as great as twlce atmospheric. The stabllity of such
devices may be made sufficlent for engineering use.

2. Heat-transfer data for a clrcular cylinder over at least
the Mach number range fram O to 2.4 mey be correlated by addition to
the conventional relation among Nusselt, Prandtl, and Reynolds num-
bers of a factor that is a function of Mach number only.

3. Thermometric and power-input data obtalned with such
instruments together with a pressure datum having as an upper
limit a pressure exceeding static pressure by about 20 percent of
the velocity head uniquely specify a local flow situatlon regard-
less of the lack of other information ooncerning Mach number.

Lewis Flight Propulsion TLeboratory,
National Advisory Committee for Aeronautios,
Cleveland, Ohio, Jannary 12, 1950.
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APPENDIX A

SIMBOLS

Symbols used only in appendizes B and C are defined where used
and are not listed.

A

Ap,2

Cp,n

Cl’Cz’ . . o

Dp,1
Dp,2

o e e e e e e e e —— g o e e e

crogs-sectional area, e

crogs-sectional area of wire support at point of wire
attachment, om?

speed of sound, cm sec™L

0.2389 12 r L
nondimen-

1/2 . 1/2 0.3 (g ?
1.5¢ kt/2 11/2 Dy Re'y, 3 5043 (T,-6,)

sional (1.54 is a pure number)
drag coefficlent for clrcular cylinder normal to stream

drag coefficlent for clrcular cylinder normal to stream
under, incompressible-flow conditions

constants defined ln text

specific heat of alr at constant pressure,
cal gram-l °c-1

diameter, cm
diameter of wire support at base, cm

diameter of wire support at polnt of wire attach-
ment, cm

Young's modulus of elasticity, dyne cm™2

flexibility of wire support or pair of supports,
deflection per unit force, cm dyne~1

ratio of Nusselt number at given Mach number to that
at Mach number of unity at fixed Reynolds number
(definition approximate; defined quantitatively by
equation (27))
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T -1/2 n
= mls (s in which n is usually 0.5
12 1179 \T T D

mags-flow rate per unit area, gram cm~2 sec~l
Grashof pumber

heat~transfer coefficlent, cal cm=2 gec-l Oc-l

0.2389 i2 ¢

7D (6,-6.) (1 + §)

wire current, amperes

thermal conductivity, cal cm™t sec~l °¢-L1 (refers to
air when subscript e, f, or 1t used)

length, cm

maximmm allowable (projection of) wire length in direc-~
tion of flow (see text), cm

Mach mmmber

Nusselt number HD/k

0.2389 12r 0.2389 12 7
= ideally, or = if end
k(6,78 ) g wkp(0,-66) (1 + L)

losses occur

0.2389 i8r
atkep (8;-0¢ )

1289
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Pr Prandtl number
D fluid (air) pressure, dyne cm=2
Py pressure Indicated by measuring device, inherent

error of which (taking either true total or trume
gstatic as a reference) is function of Mach number
only, dyne cm~2

R wire resistance, ohms
Re Reynolds number
Rep = ik’ (when primed, replace V by V')
W K

p¥ 8y Dy

Re*f’w = —_——
B

Re 't,b,z Reynolds number of flow based upon support tip diam-

eter at point of wire attachment, upon mass-flow
Tate per unit area component normal to support tip
at same point, and upon total temperature

ZRe’f 1, Reynolds number of flow based upon wire length I,
’ : ipon mass-flow rate per unit area component normal
to wire, and upon mean film temperature

Rg ges constant for ailr, erg gram~l %k~
r wire resistance per unit length, ohms om™t
Ly
r = Lw'l r dx, where x = distance along wire
0
S straln-resistance factor of wire material, resistance

change per unit resistance per unit strain L-ﬁ".’. %w_
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absolute temperature, °K

Ow-Be

-é-w-a-a,"l

general function (U¢,) s 18 defined by equation (8)

of the text)

fluid velocity, cm sec-l

‘ ~1/2. :

2

Ly |0.2389 147 , nondi 1 1
“kw(;e-w"ee‘)

temperature coefficient of resis’cance of wire material,
Oa-1

ratio of specific heats
angle between two wires of array, radians’

ratio of heat lost by conduoction to supports 'bo that
lost directly to fluld stream

temperature, °C
temperature at intersection of wire and support, %
temperature at center of wire, %

temperature virtually identical with 6y . (see
appendix B), °C

viscosity, poise

fluid density, gram cm™3

gram om™3

Pi
RéEe’
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Q

Subscripts:

b

c

gtress, dyne cm~2

wire stress prior to aerodynamic loading, dyne cm™2
serodynamicelly induced wire stress , dyne om—2
wire stress during aerodynamic loading, dyne cm—2

maximum allowable operating wire stress (see text),
dyne cm™2

angle between flow vector a.nd. normal to wire in plane
of wire and vector, radians

engle in plane normal to mount axis between projec-
tion of flow vector on that plane and either vertex:
angle bisector of V-array or projection, on same
plane, of wire neither orthogonal nor parallel to
mount exis, radians

angle between flow vector and plane normal to mount
axig, pitch angle, radians

wire support
center

drag

effective - with reference to temperature attained by
unheated body in fluid stream

mean fiilm value, based on aritimetic mean of object
and effective temperatures.

indicated

wire length

maximmm allowable value
incompressible-flow conditions

pressure
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gtatic

total

wire

evaluated at .o° c

pertalining to 1deal conditlon of no end loss

general exponent
based on flow component nmormal to obJject
not corrected for end loss

reference state (as defined in text)

The bar (*) denotes mean value,
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APPENDIX B
END LOSSES OF WIRES

The steady-state case of a one-dimenslonal heat flow is elemen-
tary and has been glven by mumerous wrlters for different situations.
The chief purpose of the treatment herein is the reorganlzation of
the material with the aim of expressing the loss in a manner that
will facilitate estimates and will expedite the malking of preclse
computations, The results are expressed in & generalized form and
the finlteness of the thermal conductance of the support is con-
sidered. Initially, the treabtment is that of reference 12.

The differential equation (Bl) connecting the direct loss to
the air stream, the conduction from the volume element in question,
and the Joulean heat developed locelly is

2
a2e
0.2389 1%ry (1 + o8,) = (6y-fe) wke Nup - ky Ay, —=  (B1)

ax?

in vhich ry 1s the resistance In olms per centimeter at 0° C and
x 1is the distance alohg the wire.

This equation may be written

%Z;ﬂ -pe,=-B (B2)
in which '
| 5 o e Fup - 0.2389 1%rg @ (53)
ky Ay
and
b= ke Nup 6, + 0.2389 ifrg )

kg By

C e —— =~ e e e ——————— e el et e e & % A #et . e b e % oY e g o e ——— o e
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The variatlon of k Nup along the wire is lgnored; the result-
ing error 1is negliglble, .

By utilizing the boundﬂ.ry conditicns do. /dx = 0 at wire center
and teking the origin there (so that € = 6y at x = 1, defining
1= 1,/2), the solution is found to be '

1/2
6, =6, - (8, -0, ) oSk B /% x (B5)
w W Wy Ww,b
= ? 77" cosh pl/2 3
in which
o _ B _ mkp Mup 6, + 0.2389 1%rg
W, 8

nkp Nup - 0.2389 i®ry o

It is of consliderable practical as well as theoretical interest
that Gw,m is equal to the equilibrium temperature the wire wounld
assume 1f there were no end losses. Furthermore, the difference
between the temperature at the center of even a short wire and the

quantity Gw’m is small.

Thus

. 6 —-’——-7—‘— (et xz =0) (B6)
“ o cosh pL/2 1 ,

In practical situations, Bl/z 1 18 seldom less than 6 and is
usually greater; hence, cosh pl/2 1> 200. Tt will be shown that
Oy,b = 6 and therefore 6y, and 6y . differ by at most 2° C.

The d.ifference is usually negligible. (That fact would be of great
importance in the case of a fine-wire thermocouple stretched between
two supports. The present treatment would not be rigorously correct
in such a situation because of the difference between the thermal
conductivities of the two materials, but the basic observation
would still be valid. In the ocase of a fine-wire thermocouple, of
course, 6 and 6Oy ., are virtually the same because joulean
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heating may be neglected. The source of conduction error is the
immersion of the supports in regions having temperatures other than
fe.)

The mean temperature is now obtained as follows:

1
1 o ix - (6,00 = B4,p) cosh El/z X ar
21 W,® 1/2
. cosh 1
- -1

-6, 4)
= Oy o = —2 z“”b tanh pL/2 1 (B7)

e’W

Because Bl/2 12 6, tanh Bl/z 1 %1, This approximation is
valid for values of 51/2 ! as smell as 3.5; therefore,

- 8
eW;W - (ew,; ‘Lb)
gl/2

D

(88)

W=

Simmons and Beavan, who presented the theory Just given (refer-
ence 12), showed that R = Rp (1 + @ &), in which Ry =L, ry;
the identity follows directly from the observation that the resistance
per unit length i1s a linear function of temperature.

Upon taking the derlvative of the expression for 8y, the rate
of heat loss to each support is found to be

Bl/z ky Ay (ew,oo = W,b) tanh 51/2 z
Therefore, the following equation can be written:

- 1/2
0.2389 1%ry (1 - & By) = nkelfup (0,-8,) + E___i__kWAW tanh pL/2 7

(B9)




68 ‘ NACA TN 2117

s

The quantity

kgl (ew,co - ew,b) ﬁl/z 1 tanh 31/2 i @
t = > — (B310) ]
2 ke Nop (6 - 6;)
ig defined. It is the ratio of heat lost by conductlon to the sup-
ports to that lost directly to the air stream.
The ratio ! may also be written
6
kw( > ..1 <9vcn w1> Bl/z 3 (811)
L.,
making only the previous approximation that tanh Bl/ € 3 = 1.000.
Tt is notable that the parameter BL/2 1 has the following
physical significence: It is given by the_ratio of the difference «

(e w,o ~ Oy, p) to the difference (6W o - B); therefore it is a

dimensionless measure of the degree of departure of the wire tempera-
ture from the 1id condition of uniformity. Under the preceding
clrcumstance Bl 2 7 =, Such a situation virtually exists when-

ever the ratio I‘w/Dw or Nup 18 very large or when k. 1s very
small

Tt is a simple matter to transform the earlier expression for
B 1in such a way as to obtaln

| . 1/2
L D, (a4 7,) —l

Tt +then becomes possible to combine equetions (B1l) and (B12) to
obtaln

t=cy [(1 -t) - tg]l/z | (B13)
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in which
Cz= (&)l/z Dy Nup~ 1/2 <€E£E';_:_€‘_Dl> (B14)
kf Lw ew - 6

By expanding the bracket in equation (B13), the following equa-
tion is obtalned:

o

§=c3(1-t)1/2[:l—5&§a---~- (B15)

By replaci t where 1t appears in the right-hand expression
by Cz (1 = £)1/2, +the relation

¢ = cs (1-t)1/2 l} - E(_i%:—m ... J (B16)

is deduced.

In equation (27), the presence of the factor f; complicates

the relation between Nusselt and Reynolds mumbers. For the present
purpose, however, £y 18 considered fixed at a value such that

Cp £1 Prel+5 has the value-0.475, which is a representative mean
value for the Mach number range investigated.

Under that circumstance and with C; permitted to vanish,

Nup~ 1/2 & 0.475- 1/2 (Re'f,w)‘ 1/4 (B17)

0.475- 1/2 (%) 1/ (Re' f’L>- /4

Upon replacing Nup~ 1/2 1in equation (Bl4) by the second approx-
imate equivelent, equation (10) is obtained.

P

e e e e — e e e = e g o = e
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Equation (26) follows directly from the preceding solution of
the differential equation for the heat flow to and from a given por-
tion of the wire and from the definition of {. Equation (22)
remaing to be obtained; the initial step consists of a statement
of the following relation:

T oy o+ e '(1318)

ewyb = 4+ 1
in which
) 1.02 k, D2 Y/2 (515)
T =— B
1/2 , 1/2 0.3
k' kT Dy (Re't,b,z)

The gquantity 1.02 is a pure number.

Equation (B18) is derived by solving the differential equation
of heat flow for the support and taking the net heat-flow rate at
the support tip as zero; the solution is similar to that for the
wire alone and will not be given. The assumption of & uniform sup-
port diameter egual to that at the point of wire attachment leads
to negligible error because most of the temperature drop id the sup-
port occurs within a small distance of that point.

The Tollowing quantities are defined:

M. = _ 0.23891%F (820)
f ke (8 - 6c)
c = pL/2 3 (B21)
2
2= % G’.&) (@, - 0¢)~L (B22)

1289
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' ‘ 1/2
n= (_k%) = | (823)

b=DcL (B24)

By use of these definitions, equations (14) and (15), and other
relations previously established, the following relations are found
to subsist among the several quantities:

Mu"e = Nup (1 +§) (825)
t = nmupl o (6 0 - Oy,b) . (B26)

= (8,0 - Ow,D)

1/2
0=mNufl/2 l:l-t (l+§)] / (B28)
be & + 6
6. - - wyoo + Ve B29
W, be + 1 (829)
From equetions (B26) and (B29), it is found that
£ = notup-t (S~ % (B30)
be + 1
The relaition
c{®é - 0.
(e + 1)L = By, 0 = O) (B31)

e - 52)
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is then obtained from equations (B27) and (B29).

Combining equations (B30) and (B3l) yields
t = nWapt (6,0 - By) o (B32)

or

n Nu'f-l (é—w - 8¢) c?

t= ¢ (be +1) -1 (B33)
when equations (B27), (B29), and (B32) are used.
* If equations (B28) and (B33) are used, ’
t - 1 -t (1+8)
1/2
bm? Na"p [(1+§)'1 -t] " 1/2 [(1 -t] -1 ’
(B34)

noting that m? (6, - 6.) = 1.

By defining B = bn®Nu"p and Y= mwu'eL/2, 1t is found that

B and Y are the expressions given in equa.tions (25) and (23),
respectively, and that equation (B34) becomes equation (22).
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APPENDTIX C
WIRE STRESS AND SUPPORT DEFLECTION
Aerodynemic Stress
If w 1is the uniform trapsverse load per unlt length applied
to & hinged thin beam assumed to be bent into a circular arc of which
the sagitta z (portion of radius normsl to chord intercepted by
chord and arc) is small compared with the arc lenmgth L, the fol-

lowing relation subsists among total tensile force T .and those
. variables:

= ELE (c1)

For an eerodynamically loaded wire

- o BY2 2
w=op By (c2)
Therefore,
e 1.2
T=ODp Dy (¢3)
16z

If o (= ITW) 18 the stress in the wire, then

Cp oV2 12

03- s (c4)

This relation appears to have first been mentioned in refer-
ence 3, except that a factor of 2 1s omitted 1n the denominator of
the expression.

The quantity 2z mst be expressed in terms of the other var-
1ables and of the known characteristics of the wire material and
supports.




T4

Iet u be the radius of the beam arc; A,
at the center of the circle by the semiarc; and Lg,
between the wire supports.

Then

= uA

ol

Now,

1]
@
B
'—l
™
§
gl
)
'—l
™
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the angle subtended

the distance

(65)

(cs)

‘ 1/2 1/2 3/2
Sin"l.z_z-iz./z_z_é-_z_é/.+l'§?‘.-z_2/+...
u uz u u2 6 \u uz

HE - ET @
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: Therefore,

]

L= 2u A& 25/2 (ug)1/2 (} + i%ﬁ)

682T

On the other hand,

L5=2usin>\

‘= 2u <‘2—§' - ‘;z"‘z‘)l/z

u T2

L1

22/2 (ua) /" (G-2)

4u

Therefore,

L - L = 25/2 (ug)}/2 (&%)

4u
B (z)l/ 2

3 u

to a first approximation.

2\- 1/2
7
"12...2. S
w12 o <; + Bz:)

~gz_—-l/2 1-E§E+ooc
T \18 L2
(<] <1

Now,

75

(c7)

(085

(c9)

(c10)
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If the first term of the right-hand member of eguation (CL0) is used
in equation (C9), the second equation becomes

1289

.(Cc11)

(&]1e ]
& 1%

L"IJS=

The original wire length (after mounting, but prior to imposi-
tion of drag load) is designated I,.

The decrease in distance between the supports 1s given by

BLy =TIy = Ly 5 = A, F (05 - 07) (c12) | ‘

in which F in this case is the cambined flexibility of the two sup-
ports and LB,Z is the distance between The supports during aero-

dynemic loading.
The change in wire length is glven by

L - Oz - GO )
AL _ I'1m3 1 (C13)
L In B -

Therefore,

L=IL1<1+%—O—E>

=[LB+AWF (03-01)] <l+-°i-]-;r;i]-')

Lg

= Ly +-Aw]!‘ (03 - 01) tE, (03 - 01) +

A—E‘; (05 - 01)° | (c14)
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When equation (Cll) is used,

n

g-z—=<AwF+§—-:) (05-01)+£"’ETF(03-01)2 (C15)

S

By recalling equation (C4) and dropping the distinction between L
and Lg, the relation

2 13 h

is obtained in which

_ Op o7
F= 2o
Now if the quantity
1/3
2
R " ‘l (c17)
2513 =3
Dy? (L + By FE@]

(an "exact" form of equation (12)) is defined,

3
0'2 =032 (05 - 0'1) +
+ o

— 05° (05 - 07)? (c18)
)

In arbitrary units, if

0'3"'3
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then

0'1"'2

1298

' (Ew+$>-l~ 5.3 x 1074

o

-1
therefore Oz (Ew"' ﬁ) << 1 and the second term of equation (C18)
may be taken as zero.

The final result is
0'33 - 0'32 ‘Gl - 023 =0 (11)

The preceding treatment neglects variable-temperature effects.,
These effects are usually of second-order magnitude; however, in the
case of high-temperature work (air), the effect of a change of the
modulus of the wire support and of the thermal expansion of the
mount may be substantlal and must be considered. In the preceding
expression for 02, because A, FE,>> 1, +the effect of a change
of the modulus of the wire materlial 1s nearly always negligible.

Deflection of Wire Support

There seems to be no expression in structures literature for
the deflection of a conical cantllever beam under a concentrated
load.

The asgumption that the conlcal wire support is rigidly held .
at one end 18 a good one as the amount of movement at the base is
very smell in any case. It is observed in practice that the cement
used does not develop cracks In the area lmmediately around the base
of the support in the course of ordinary usage even though it is a
falrly brittle substance.
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In the following relations, M 1s the conventlonal moment of
beam theory and I +the (beam) moment of inertia of the cross sec-
tion. The deflection occurs along the y-coordinate, taken positive
in the upward direction for a horizontal beam. The load W 1is
asswmed to act in the downward direction at a distance L from the
polnt of support. The horlzomtal coordinate of any cross section
ag measured from the point of support taken as the origin is =x,.

At the origin, the diameter is Dg; it is Dy at the loading
point. .

Then,
X X
D =DO (1 -i)+Dli (c19)
and
4 Dyt % - D1\ 1°
w0 |, x(o_ 1
1="%1""%2 |} L( Tg >:| (c20)
TUpon writing
DO-D]'EB
L D,

and upon recalling that
M=-W(L-x)
it follows ‘that

F"= d.zj‘ = = 64W(L-I)
T ax? Dod By, (1 - )4

(c21)
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or
y'eky | —% . L : (c22)
(1-38)%  (1-2)4
where -
kz = —-——-—efr
ItDo Eb

Upon integration and imposition of the condition that y* =0
at x =0, equation (C22) becomes

1
AN S 1 L (F + 18)

ko 22 (1-3)%2 3% (1-:)° 3 (1-36)3 382

(c23)

Upon & second integratlion and imposition of the condition that
y=0 at x=0,

T - 1 yt=-» x Ix_ 1 L
k2 255 (1-3) 665 (1-x)% 882 D 355 652
(ca4)
At x =1L, +this relatlion reduces to
25D (c25)
T STt @-»)

Upon recalling the definitions of ky, and &, the equation
Tinally obtalned is
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(c26)

which is equivalent to equation (13) if it is recalled that equa~-
tion (13) applies in the case of the deflection of a pailr of sup-
ports. ’
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Figure 1. - Geametric relations among mount axis, wires, and flow vector; horizontal

V-array.

682T

EFLS =534



Operating stress, ay

1289

60
o —
Initlal
stress ’///ﬁ%
-
o) I —— NS =
T
20.0 | /Ck/ ]
(5.0 f—T "‘T’:://,//I:‘///Zgﬁ
12.5 .————jfﬁ_‘/%/
TR/
10.0 T
jof—228 P”JE_: ]
/ ///
8 : e
« = /
= w:zggg;?
b2 4 3 8 10 20 - 40 60 80 100 200 102
Aerodynamic loading, 023
Figure 2, — Stress in wire as function of initial and asrodynamic Ioading.. oy3-a2 a;=0,5 = 0.

Unit of stressa arbitrary.

LII1Z N1 YO¥N

'ag



24

22
O Bare tungsten
O Platinum-sputtered f/
A Platinus-plated at % |g-parcent }
20 0.00a38 cm diam. platinum
drawn to 0.0028 cm C/
8 /
By, OC
o
18 7 @ i/
(/\.J ;/
g |4 J/J ]/{]
12 / "I
(m]
D" “23_—{
10 — o p——F7 /Q//A
L
482 D 427
od ——— ¢ —p—— ﬁ‘ sl
s o0 .ﬂ_.f/
AG2
427 A—‘ LI [is) s o
Ak h—
\ A LFH . S S\ 1
40 4 5 B 10 1z 7] T 8 20 22 24
Time, hr

Flgure 3. - Oxidation of tungsten wire.

6821

9B

L1112 NL VOUN

e ————— v —



NACA TN 2117

R, ohms

115

87

{10

105

100

95

90

80

75

70 }f/

65

0 -100 200 300 400 500 600

0y, OC

700 800

Figure 4. - Variation of resistance of three specimens of 20-percent

iridium - 80-percent platinum wire.

————— e pt——— e e



88

End view scale:

tube

Two copper leads
silver-soldered to
solid support

NACA TN 2117

Small-diameter Inconel
tube silver-soldered
to tapered extension
of 0.,40-in. tube

Bage of slot cut into
1/4-in. tube to receive
0.040~in. pressure
tube; one copper lead
attached to junction
of tubes

Flattened 1/8-1n.
tube

Solid Inconel
tapered support

Porcelain-type
cement

Silver-scldered
Junction

1/4-in. tube

Ferrule clamped by
Allen head setscrew

One copper lead attached
to base of 1/4-in. tube

Cable armor

6-contact
AN comneotor plug

Figure 5. - Construction details of parallel-wire mount with totel-pressure tap.
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